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Wollongong

Harbour

"I must go down to the seas again, for the call of the running ·tide
Is a wild call and a clear call that may not be denied."·

John Masefield, 'Sea Fever'.
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ABSTRACT

This study was carried out to assess the effects of
industrial pollution on fouling conununities in Port Kembla Harbour
and to investigate the mechanisms by which these observed effects
were brought about.
The experimental design of the study consisted of
comparing the successional stages of fouling conununities from sites
situated within Port Kembla Harbour with those from a control site
in Wollongong Harbour. · The successional stages of the conununities
were collected on sandblasted perspex panels submerged for specified
periods . of time at each site;

After submergence, panels were

preserved and the frequency of

occurrenc~

of species recorded.

This

data was subjected to both statistical and multivariate (numerical
classification and ordination) analyses.
Several complementary experiments were also carried out,
involving;

the assessment of species richness of macroalgae in the

initial stages of conununity development;
growth of the serpulid Hydroides elegans;
of food species in both study areas;

measurement of the
estimation of the abundance

determination of the effects of

water from Port Kembla Harbour on the larval settlement of 4 fouling
species;

transference of mature fouling conununities between the two

study areas.
In the main study, 53 species of fouling animals occurred
in the conmninities in Wollongong Harbour compared to only 40 in those
from Port Kembla Harbour.

Twenty-eight species, including many
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bryozoans, occurred only in Wollongong Harbour, wh.i lst 15 species
occurred solely in Port Kembla Harbour.

There were also 10 species

which occurred in both areas but which occurred more abundantly in
the experimental area.

The species richness of fouling conununities

in Port Kembla Harbour decreased along the pollution gradient from
the outer harbour (35 species) to the inner harbour (30 species).
The multivariate classification showed that the major
difference in the development and succession of the fouling
communities was between Port Kembla Harbour and Wollongong Harbour.

A secondary division generated by the classification suggested that
at all sites, the species composition of the communities in Port
Kembla Harbour changed with time, and was independent of the season
during which the connnunities were first established.
The results of the ordination provided information
concerning the successional processes in each study area.

It

showed that in both areas there were species which colonised the
initial stages of development and stayed on throughout the rest of
the development of the community.

The species involved in this

process were different in each area, and it was more prono.u nced in
Wollongong Harbour.

The ordination also indicated that communities

in Port Kembla Harbour contained an assemblage of species which were
gradually replaced by a second group of different species.

A

similar, but less distinct pattern of development took place in
communities in Wollongong Harbour.
experiments showed that;

The results of the other

a greater number of macroalgae occurred in
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the initial stages of development of communities in Wollongong
Harbour compared to those in Port Kembla Harbour;

the growth

of Hydroides elegans under both 'competitive' and 'non-competitive'
conditions was significantly more rapid in Port Kembla Harbour;
food species (e.g. bacteria and phytoplankton) occurred more
abundantly in the experimental area than the control area;

the

settlement of larvae of the bryozoans, Bugula neritina and
Tricellaria sp. was reduced in water from Port Kembla Harbour;
fouling communities transferred from Wollongong Harbour to
Port Kembla Harbour were more similar to control communities in
Port Kembla Harbour than they were to control communities in
Wollongong Harbour.
These results were not attributed to the acute, toxic
effects of pollution, but were caused by pollution affecting the
comrminities in a more subtle and indirect manner.
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CHAPTER

1

LITERATURE . REVIEW

1.1

Introduction
Since the industrial revolution, which brought about the

rapid development of factories and industries, the problem of
pollution and the disposal of wastes has become an issue of
major concern to man.

This problem has been partly overcome

by disposing of wastes in the sea.. An important feature of the
sea is its ability to accept waste products (Foyn, 1965).
Because of their enormous volume and continual movement, the
oceans of the world have been able to absorb large amounts of
wastes without visibly being affected.

It has not been until

recent times that man has begun to notice the effects of
discharging wastes into the sea.

Moreover, there is now

scientific evidence which suggests that man has seriously affected .
some areas of the world's oceans.

Whittaker (1975) has discussed

the changes in marine life which have been observed to occur in
certain polluted oceanic areas.
In general, there are five types of pollutants which are
introduced into the sea.

They are:

1. · Sewage (organic wastes from households).
2.

Heavy metals (e.g. mercury, lead

c~dmium,

chromium,

manganese, zinc, copper, iron and silver) .
. 3.

Synthetic chemicals (e.g. DDT, polychlorinated
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biphenyls, detergents, acids, alkalis, phenols,
cyanides and · fats).
4.

Petroleum chemicals (e.g. crude oil, refined oil, tars
and greases).

5.

Radioactive substances (e.g. strontium 89, strontium 90,
barium 140, potassium 32, zinc 65 and sodium 24).

Connell (1981) and Goldberg (1975a) have used similar categories to
describe the major types of pollutants in the marine environment.
Three types of studies have been undertaken to investigate
the effects of marine pollution.

These studies have employed either

physico-chemical, biological (laboratory) or field experiments.
date, the majority of pollution studies have involved
or biological experiments (Perkins, 1974).

To

physico-che~ical

It has only been in more

recent times that particular emphasis has been given to strictly
m

ecological studies involving exper:i'.'ental fieldwork.

The purpose of

this chapter is to review the scientific literature related to
studies of the effects of marine pollution.

The objectives of this

review are to:
1.

Summarise the research which has been carried out in .
physico-chemical and biological studies.

Detailed

reviews of such work have been given elsewhere and
are referred to in the text where possible.
2.

Describe the types of experiments which have been
employed in 'single species' and 'coD1DUnity'
orientated field studies and to evaluate the
usefulness of such experiments.

3.

Discuss in detail the effects of marine pollution

3

on the processes of conmrunity succession.
The final section in this chapter will be concerned with discussing
the general biology (e.g. life history, taxonomy) and ecology of
marine fouling communities.

Also included in this section will be

a discussion of the development and succession of these conmrunities
and their application to pollution studies.
1.2

Physico-chemical studies
Physico-chemical studies have investigated the effects of

marine pollution by considering the physical and chemical properties
of toxic wastes in seawater.

The majority of physico-chemical

studies have been concerned with measuring the concentrations of
various substances (e.g. trace metals, synthetic chemicals,
petroleum chemicals) in contaminated and uncontaminated seawater and
marine sediments.

Sophisticated analytical techniques such as

Atomic Absorption Spectrophotometry, Gas-liquid Chromatography and
Flame Emission Spectrometry, which permit the detection of minute
quantities of substances, have been widely used in_ these experiments.
The results of recent studies have been discussed by Reish et.al. (1981)
for a variety of pollutants including;
and petroleum chemicals.
cont~minants

heavy metals, pesticides

Data on the concentration of various

in seawater and sediments have been sum:narised by

Brewer (1975), Bryan (1976a), Corner et.al. (1976), Forstner and
Wittman (1979), Goldberg (1975a) and Phillips (1980).
Phystco-chemical studies of this type have provided evidence
of pollution in many marine ecosystems.

Although these studies
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indicate the overall pollutant concentrations in a marine system
they fail to show the types of chemical species present
(Prosi, 1979).

This information is

import~nt

since the

chemical form a pollutant takes when introduced into the sea
determines its biological availability .

Phillips (1980) points

out that some pollutants may be unavailable to marine life since
they are locked in stable chemical complexes.

If this is so, then

these pollutants are likely to have little effect on the biota in
a marine ecosystem.

Consequently numerous experiments have been

carried out to determine the chemical forms that pollutants are
likely to take when they are discharged into seawater.

Experiments

with trace metals have shown that they may occur in seawater as
either simple or complex ions, chelates or colloids or they may be
associated with organic or inorganic particulates.

Phillips (1980)

has discussed the importance of chemical speciation in relation to
heavy metals and synthetic chemicals such as organochlorines .
.Investigations into the chemical characteristics of petroleum effluents in seawater have been undertaken and these are discussed
by Nelson-Smith (1972).
The factors that are responsible for altering the chemical
forms of pollutants have also been investigated.

Experiments with

heavy metals have demonstrated that factors such as pH, water
hardness, salinity and the presence of organic compounds can
influence chemical speciation (Prosi, 1979).

These factors have

also been shown to affect the chemical form of pollutants other
than heavy metals .

For example, it is known that hydrogen

cyanide (a toxic chemical cormnonly produced by steel industries)
dissociates when the pH of seawater falls below 8.2 (Perkins, 1974).
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Numerous physico-chemical studies have also been concerned
with determining the processes that control the pollutant
concentrations in a marine system.

It is known that the

concentration of marine pollutants may be decreased naturally as
a result of dilution and dispersion (Perkins, 1974), however,
experiments with heavy metals have shown that other more
inconspicuous processes such as precipitation, adsorption and
absorption and organismal modification may also reduce pollutant
concentrations in seawater.

Bryan (1976a) has discussed the

importance of these processes in determining the concentration of
heavy metals in the marine environment.
In sunnnary, physico-chemical studies have been largely
concerned with determining the:
1.

Concentrations of various pollutants in contaminated
marine ecosystems.

2.

Chemical form that pollutants take in seawater.

3.

Factors which affect the chemical speciation of marine
pollutants.

4.

Physico-chemical processes which control pollutant
concentrations in marine environments.

Physico-chemical studies have thus provided useful information on
marine pollution.

However, although they provide evidence of the

presence of pollutants in marine ecosystems they give little
indication of the toxicity or ecological effects of marine
pollutants.

This type of information has been acquired through the

use of biological and 'in sib.1 1 field experimerits.
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1.3

Biological studies
Biological studies incorporate those experiments which have

used bioassay techniques to detect and measure the effects of toxic
wastes.

The majority of these studies have been carried out in the

laboratory and have been principally concerned with determining the
median tolerance limits of a relatively small number of species
(Perkins, 1974).

The median tolerance limit is defined as the

pollutant dose required to kill 50% of the organisms being tested.
This dose is determined using lethal (acute) toxicity tests and is
often referred to as the TLm (TL

50

) or Lc

50

(Portmann 1972a).

A. review of toxicity testing is given by Tarzwell (1965), Sprague
(1969) and Partmann (l972a).

More recently, Franklin (1980) has

described the procedure employed in standard toxicity testing and
has discussed its usefulness in estimating the toxicity of industrial
wastes.

Many different types of organisms have been used in lethal

toxicity tests.

They include;

fish, fre.e moving crustaceans

(lobsters, crabs, shrimps}, marine sessile organisms (e.g. ascidians,
barnacles, bivalves, bryozoans, polychaetes), macroalgae,
phytoplankton, zooplankton and bacteria.

The median tolerance limits

of these organisms have been determined for a variety of
pollutants including heavy metals, synthetic chemicals (particularly
organochlorines, organophosphates, cyanides, ammonias, phenols,
PCB's and paper and pulp chemicals} and petroleum chemicals.

The

lethal toxicities of these pollutants, as determined by median
tolerance limit experiments, have been discussed by Anderson (1979),
Bryan (1976a), Connell (1981), Corner et.al. (1976), Nelson-Smith
(1972), Ottaway (1976), Perkins (1974) and ·Portmann (1972b).
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Reish et.al. (1981) have discussed many of the more recent studies
which have determined the acute effects of pollutants (heavy metals,
pesticides or petroleum chemicals) on marine and estuarine
organisms.

The results from lethal toxicity tests have been used to

ascertain the pollutants which are most hazardous to marine life.
In general, heavy metals and organochlorines are considered to be
the most dangerous pollutants since they are highly toxic and
often persist fo.r long periods of time in marine organisms
(Phillips, 1980).

In the case of heavy metals, lethal toxicity tests

have shown that generally mercury, silver and copper are most
toxic to marine life, followed by cadmium, zinc, lead, chromium,
nickel and cobalt (Bryan, 1971).

In comparing the toxicities of

different types of pollutants Eisler (1972) has suggested that
organochlorine insecticides are usually more toxic to marine teleosts
and crustaceans than most synthetic, petroleum, industrial or
domestic wastes.
Lethal toxicity tests have also been carried out to determine
the factors which are responsible for affecting the toxicity . of
pollutants to marine organisms.
pollut~nt

These experiments have shown that

toxicities may be affected by:

1.

Chemical speciation.

2.

The presence of other toxic substances.

3.

Environmental factors.

4.

The condition of the organism.

These factors are known to affect the toxicity of a pollutant either
by altering its availability in seawater (see Section 1.2) or by
changing its rate of uptake (either

b~

way of adsorption, absorption
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or both), storage or excretion in marine organisms.

Addison (1976),

Anderson (1979) and Bryan (1979) have discussed these metabolic
processes in relation to the toxic effect of pollutants on marine
life.
A number of experiments have shown that the toxicity of a
pollutant can be altered as a result of changes in its chemical
form.

Perhaps the most well known example of this is related to the

toxic effects of mercury on marine biota.

This metal is discharged

into the sea in a variety of chemical forms, for example;
mercuric oxide (from acetaldehyde production), phenylmercuric
acetate (from paper manufacturers) and mercury metal (from
chlorine-caustic soda industries).

Although these compounds can be

lethal to organisms in the sea they are less toxic than the other
more common mercuric form, methyl mercury (Connell, 1981).

It has

. been found that this compound is synthesized in the marine
environment by mercury resistant bacteria (Keckes and Miettinen,
1972).

Bryan (1971, 1976 a), Connell (1981) and Perkins (1974) have

discussed the effects of chemical speciation in relation to the
toxicity of heavy metals.
The presence of other toxic materials in a marine system has
been shown to synergistically or antagonistically affect the toxicity
of pollutants.

Doudoroff (1956) has shown that a complex of copper

and cyanide is less toxic to fish than copper ions alone.

In this

instance cyanide is antagonistically affecting copper toxicity.
Gasworks discharges have been found to synergistically influence the
toxicity of chlorinated sewage.

When mixed together these two toxic

effluents react to form cyanogen chloride, which is a compound of
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far greater toxicity (Doudoroff and Katz, 1950).

Further

experiments with cyanide have shown that its toxicity to marine
life decreases if it complexes with nickel under conditions of
high pH (A.non, 1968).

The heavy metals zinc, cadmium and mercury

have been found to act synergistically in the presence of copper
(Perkins, 1974).

Nelson-Smith (1972) has reviewed the synergistic

and antagonistic effects of oil spill cleansers and surfactants on
the toxicities of petroleum chemicals.

These effects have also

been discussed by Bryan (1971, 1976a) and Perkins (1974)
particularly with regard to the interactions between heavy metals .
Environmental variables such as temperature, pH, salinity,
dissolved oxygen, water hardness and possibly light have also been
shown to influence the toxicity of pollutants.

These factors

primarily influence pollutant toxicities by altering the availability
· (i.e. concentration) or chemical form of .m arine pollutants.

They

may also directly affect the metabolic processes of marine
organisms thus altering the ways in which these species react to
toxic chemicals.

Experiments with heavy metals, for instance, . have

demonstrated that the toxicities of these elements to fish are increased under conditions of high water temperature (Lloyd, 1965).
These increases in toxicity were thought to be due to elevated
respiratory activity which was brought about by the increased water
temperatures.

The toxicities of organophosphorous insecticides

have been shown to increase as a result of high salinity, high
temperature or low pH (Eisler, 1970).

Furthermore, the toxicity of

cyanides has been found to increase rapidly in conjunctiori with
rises in water temperature (Anon, 1968).

Sunda et.al. (1978)

observed that the toxicity of cadmium (in the form of CdC1 ) to
2
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the shrimp Palaemonetes pugio decreased with increasing salinity.
They attributed this result to the fact that the conditions of high
salinity caused the complexation of cadmium.

The effects of

environmental factors on the toxicity of pollutants have been
discussed more fully by Bryan (1971), Perkins (1974) and
Prosi (1979).
Lethal toxicity experiments have indicated that the
condition of an organism can determine how greatly it is affected
by pollutants.

Bryan (1976a) has listed the factors which are

considered important in defining the condition of a marine
organism.

These include;

1.

Stage in life history (e.g. larva, adult).

2.

Changes in life cycle (e.g. moulting).

3.

Sex.

4.

Nutritional status.

5.

Protective structures (e.g. exoskeleton, shell).

6.

Activity.

7.

Tolerance to toxic pollutants.

Bryan (1976a) discussed the importance of these factors in relation
to the toxic effects of heavy metals.

Perhaps the most important

factor in determining the condition of an organism and consequently
its overall reaction to pollutants, is the stage which an organism
has reached in its life cycle.

Many experiments have shown that

the larval stages of organisms tend to be most sensitive to
pollutants.

Ahsanullah and Arnott (1978) found that the larval

stages of the marine crab Paragrapsus guadridentatus, are far more
susceptible to cadmium and zinc than adults.

Wood and Allen (1958)
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have suggested that marine fouling organisms are most sensitive to
toxic chemicals in their larval stages.

In addition, Anderson

(1979) suggested that the evidence from petrochemical studies
indicated that the larval stages of most marine species may be
more susceptible to pollutants than adult stages.

The tolerance of

marine organisms has also been shown to be important in influencing
the toxicity of pollutants.

Bryan and Hunnnerstone (1971)

demonstrated that the polychaete Nereis diversicolor from an
area contaminated with mining wastes was more resistant to the
toxicity of copper than individuals from a relatively unpolluted
environment.

Aspects of heavy metal tolerance in marine organisms

were reviewed by ·Bryan (1974, 1976b).
A major criticism of lethal toxicity tests is that the
pollutant concentrations used are far greater than those normally
found in contaminated marine environments (Bryan, 1980;
Zeitzschel, 1978).

Therefore it has been questioned whether the

results from such tests can be extrapolated to natural situations
. (Zeitzschel, 1978).

The value of lethal toxicity tests has been

questioned further since the endpoint of such studies is death,
which is a state that is easily determined and quantified in
marine ecosystems (Waldichuk, 1979).

In recent times toxicity

tests have been used increasingly to assess the sublethal .effects
of marine pollution.

It has become recognised that the impact of

sublethal pollutant concentrations on marine organisms may be
extremely subtle;

for example, they may affect the feeding

ability of organisms;

Consequently in the long term sublethal

conditions may affect marine life just as drastically as acutely

•
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toxic conditions.

That is, they may result in the death or

elimination of organisms in a marine system.

It is probably much

more important to study the effects of sublethal concentrations since
under such conditions organisms may show no obvious or visible signs
of distress.

As Waldichuk (1979) suggested, it is conceivable that an

organism or group of organisms may disappear, quite unnoticed, from
a marine ecosystem when subjected to sublethal conditions.
Sublethal toxicity tests have been carried out by determining
the response of an organism or group of organisms to sublethal
concentrations of pollutants.

The concept of a sublethal effect has

been defined in general terms by Mitrovic (1972) as "the effects of
all those concentrations which are not necessarily lethal for
individuals, even at prolonged exposures, but increase the population
mortality, decrease its size or change its composition".

Waldichuk

(1979) has divided the responses which have been investigated into
four categories according to their effect on the organism, these are:
Physiology, Biochemistry, Behaviour and Reproduction.

Many

different types of organisms (e.g. fish, crustaceans, bivalves)
and pollutants (e.g. heavy metals, petroleum chemicals, synthetic
chemicals) have been employed in these tests.

The sublethal effects

of pollutants on marine life have been discussed by Anderson (1977,
1979), Bryan (1971, 1976 a), Davis (1972), Mitrovic (1972),
Nelson-Smith (1972), Steinberg (1972) and Waldichuk (1973, 1979).
Reish et. al. (1981) have reviewed the sublethal effects of a
variety of marine pollutants including heavy metals, synthetic
chemicals and petroleum based chemicals.

The various responses of

marine organisms to pollutants which have been investigated in
sublethal toxicity tests are given in Table 1.1.
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1.1

Responses of marine organisms which have been investigated by sublethal toxicity tests.

Category

Response type

Physiology

Biochemical

(a)

respiration.

(b)

heart rate.

(c)

blood circulation.

(d)

osmoregulation.

(e)

swinuning ability.

(f)

feeding ability.

(g)

growth/productivity.

(h)

photosynthetic rate.

(i)

metamorphosis.

(a)

blood characteristics.

(b)

morphological changes in tissues and cells
(e.g . appearance of lesions onskin).

Behaviour

Reproduction

(Source:

(a)

hyperactivity.

(b)

hypersensitivity.

(c)

feeding behaviour.

(d)

swinuning behaviour.

(e)

settlement behaviour.

(a)

genetic defects.

(b)

sterility:

(c)

gonad development.

(d)

spawning succe·ss.

Waldichuk, 1979)

male/female.
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It is likely that the rate at which these sublethal responses
become obvious will depend on the factors which influence the
toxicity of pollutants (Bryan, 1971).
Sublethal toxicity tests have provided a great deal of
useful information on many aspects of marine pollution.

This

type of information is rarely acquired from acute toxicity
tests (Sindermann, 1979).

Experiments dealing with sublethal

toxicities have helped to explain some of the mechanisms by
which pollutants affect marine biota.

Sublethal tests are also

important since they can be used to simulate polluted marine
ecosystems and can be employed to predict how marine organisms
in a previously undisturbed or unpolluted environment are
likely to react, in the long term, to the introduction of
toxic wastes.
As is evident from the information listed in Table 1.1,
a wide variety of sublethal responses have been studied in an
attempt to determine the effects of marine pollution on biota.
Recent discussions (Perkins, 1979;

Waldichuk, 1979) however,

have centred on determining the most appropriate approach to
sublethal testing.

Waldichuk (1973) has suggested that there

is a need to consider carefully the type of response for
measurement during sublethal toxicity testing.

The most

suitable responses are those which can be directly correlated
to changes in pollutant concentrations and the choice of such
a response would ensure that the data collected could be
interpreted in a meaningful manner (Waldichuk, 1973).

Repeated
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observations on the sensitivity of early life stages to pollutants
have indicated that perhaps the most appropriate type of sublethal
response to investigate is reproduction.

Indeed, the emphasis of

sublethal tests has been directed in recent times to studying the
effects of toxic wastes on marine animal and plant reproduction
(Davis, 1972).

Perkins (1979) noted that toxicity studies should

be concerned not with the mere 'survival' of organisms but rather
with the continued existence of 'truly viable populations'.
This can be a.c hieved by considering how successfully reproduction
is carried out in marine populations affected by toxic contaminants.
This type of approach to sublethal studies is particularly
important when dealing with pollution management and control
. (Waldichuk, 1979).
Several new types of sublethal biological experiments have
been carried out in recent years.

These include:

1.

Multiple factor experiments.

2.

Physiological monitoring·experiments.

3.

Controlled ecosystem experiments.

Multiple factor experiments involve determining the sublethal effects
of several combinations of variables on marine organisms and as a
resu.l t they are far more complex than the normal one parameter
sublethal toxicity test.

Their objective is to

mim~c

more closely

the types of conditions present in normal polluted ecosystems.
A recent example of a multiple factor experiment is that conducted
by Laughlin and Neff (1980) who examined the influence of
temperature, salinity and penanthrene on the respiration of larval
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mud crabs.

Another example is that by McKenney and Neff (1979)

who determined the effects of salinity, temperature and zinc
on the larval development of .the marine shrimp, Palaemonetes pugio.
A review of multiple factor experiments is given by Livingston
(1979).
'The two other types of sublethal tests mentioned above
have attempted to assess the · effects of pollution by combining
laboratory techniques with 'in situ' testing.
monitoring experiments employ standardised
criteria to assess water quality.

Physiological

physio-chemical

They measure the

physiological-biochemical condition of marine organisms which have
been exposed to . polluted marine environments.

'The condition of an

organism is determined by measuring such responses as feeding rate,
oxygen consumption, absorption efficiency and ammonia excretion.
These physiological indices were originally used in laboratory
stress experiments by Bayne (1975) and Widdows (1978), and have
been implemented more

re~ently

by Widdows et. al. (1981).

in pollution monitoring programs

Measurements of the physiological

status of an organism are carried out under controlled
environmental conditions.

The importance of 'biological effects'

monitoring has been discussed by Bayne (1976).
Controlled ecosystem experiments use enclosures of various
sizes (e.g. plastic bags, fibre-glass containers, floating nets)
to determine the effects of marine pollution.

The enclosures are

used to partition out a small section of the marine environment,
thus creating a minature ecosystem (microcosm) which can be
experimentally manipulated in the field or, if need be, in the
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laboratory.

Vaccaro et. al. (1977) used enclosed marine

ecosystems. to study the effects of copper on bacterial
populations.

The results obtained from controlled ecosystem

experiments have been reviewed by Steele (1979).

These

experiments have been criticized because they often fail to control
enough 'within system' variables (Sindennann, 1979).

Furthermore,

with such experiments it is not always possible to separate
completely the effects of the pollutants from those caused by
the stresses of enclosure (Bryan, 1980) and as a consequence, the
results become extremely difficult to interpret.
In sunmary, biological studies have provided valuable
information on the toxic effects of pollutants on marine life.
However, biological studies as a whole have been criticised for
three main reasons.

Firstly, most ~f them have been carried out

in the laboratory and have therefore been concerned only with
artificial systems.

Secondly, when biological studies have been

undertaken they have dealt with only a small number of species and
a small range of pollutants (Zeitzschel, 1978).

Thirdly, many

biological studies have been oversimplistic in design.

For

instance, despite the fact that food has been shown to be
an important means by which an organism may become contaminated,
most biological . studies have determined the toxicity of pollutants
by subjecting the test organism to contaminated solutions.
Therefore, the pollutants are introduced to the organism in a
dissolved form rather than in the form of contaminated food.
As a result of these inh.e rent weaknesses it is extremely
difficult to extrapolate the results from biological studies to
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naturally polluted systems.

Consequently it is not surprising that

it has been frequently suggested that there is a need for more
experimental field studies.

To date, only a relatively small

number of studies have been carried out in the field.
1.4

Experimental field studies
1.4.1

Introduction

As distinct from the other types of studies previously
discussed, experimental field studies have attempted to investigate
the direct causal relationship between marine life and the polluted
or stressed environment.

As such, these studies are concerned

with the ecological aspects of pollution.

Whittaker (1975) has

defined ecology as being "concerned with living systems in their
environmental contexts".

The advantages of using experimental

field studies are:
1.

They are a direct and often sensitive measure of the
effects of pollution.

2.

They are a continuous monitor of environmental quality,
integrating the effects of fluctuating environmental
conditions.

3.

They occur 'in situ' and generally are low in cost and
require little maintenance.

Tiie movement to field orientated experiments in recent years has not
been substantial (Sindermann, 1979), being probably due to the
difficulties involved in conducting experiments in the marine
environment.

Such experiments require well-conceived experimental

19
designs since the natural environment is composed of a seemingly
endless number of continuously varying factors.

Studies undertaken

in the field have investigated either the effects of marine
pollution on single marine species or on a number of co-existing
species (com:nunity).

1.4. 2

Experiments with single species

Experiments in the aquatic environment have shown that marine
organisms may accumulate pollutants.

Consequently a large number of

field studies have been carried out to determine the pollutant levels
in marine organisms.

Many different types of organisms and

pollutants have been investigated in these field studies and their
results have been sunnnarised by Bowen (1979), Bryan (1976a),
Connell (1981), Goldberg (1975a), Kidder (1977), Mandelli (1976), ·
Prosi (1979) and Reish et. al. (1981).

Three interesting results

have arisen from these studies.
1.

The accumulation of pollutants may arise from either of
three sources,

(Bayley and Lake, 1979);

(a)

surrounding water.

(b)

suspended or sedimented particles in the
surrounding water.

(c)
2.

food.

Some marine organisms are capable of concentrating
.materials to levels higher than those found in their
surrounding environments.

This process is termed ·

bioconcentration (Kneip and Lauer, 1973) and such
organisms are referred to as bioconcentrators.
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3.

There are marine organisms which are capable of
concentrating materials, especially some pollutants,
over their entire lifecycle.

These organisms ar·e

referred to as bioaccumulators (Bayley and Lake, 1979).
The accumulation of materials may take place throughout the entire body of an organism or in specific
organs or tissues.
For example, ascidians have been shown to extract the metal vanadium
from seawater.

The normal concentration of vanadium in seawater is

approximately 0.003 ppm and this metal has been found in some tissues
of ascidians in concentrations up to nearly 500 ppm (Goldberg,
McBlair and Taylor, 1951).

The biological processes involved in the

bioaccumulation of pollutants are reviewed by Bryan (1979).
The discoveries mentioned above have led to the proliferation
of studies which have attempted to use certain marine species as
indicators of pollution.

These organisms are referred to as

'biochemical indicators' (Connell, 1981) and they are used solely as
monitoring tools.

Bayley and Lake (1979) have suggested that the

primary purpose of biochemical indicators is to give an average
measure over time of ambient pollutant levels.

They further pointed

out that this is particularly important in environments where the
concentration of pollutants fluctuates widely.

The reasons for

using biochemical indicators in marine pollution studies have been
discussed by Partmann (1976), Cunningham (1979) and Phillips (1980).
A disadvantage of many physico-chemical studies (Section 1.2) is
that the pollutant levels they attempt to measure are generally
extremely low.

As a result, these studies have resorted to using
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sophisticated and expensive analytical techniques in a bid to acquire
accurate information.

In most instances only a relatively small

number of samples are taken as the analytical techniques employed
are complex and time-consuming.

In

genera~

the sample size is not

sufficient to give an adequate indication of the prevailing
environmental conditions especially since seawater is not a
homogenous medium, and is susceptible to large scale fluctuations
in pollutant concentrations.
biochemical indicators.

There. ar·e two main · advantages to using

Firstly, they are able to concentrate the

contaminant to a level which can be measured more efficiently and
accurately.

Secondly, they average out the variations in pollutant

concentrations which occur in most marine environments over time.
The attributes which are essential for an organism to have
if it is to be used as a biochemical indicator are discussed by
a variety of authors, including Butler et. al. (1971), Haug et. al.
(1974), Jones (1978), Phillips (1977, 1980), Portmann (1976) and
Williams (1976).

Organisms such as fish, crustaceans (lobsters,

crabs), bivalve molluscs (mussels, oysters), macroalgae,
phytoplankton and zooplankton have been suggested as useful
biochemical indicators (e.g. Butler, 1966, 1969, 1971;
1971;

Haug et. al. 1974;

Butler et. al.

Phillips, 1977, · 1978, 1980).

Of these

organisms fish and bivalves appear to be used most of ten in
biomonitoring programs.

Many of these programs have been

implemented during the last decade to monitor pollution levels in the
sea and pollutants such as organochlorine insecticides and mercury
were monitored on an international scale in 1968-1971 using bivalve
:molluscs (Holden, 1973).

Biomonitoring programs such as "Earthwatch"
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(Jensen et. al. 1975) and "Mussel Watch" (Goldberg, 1975b, 1980)
have also used bivalves as monitoring tools.

The use of bivalves

in biomonitoring programs has been examined by Krieger et. al. (1981)
and Cunningham (1979).

Other routine monitoring programs have

involved measuring the pollutant concentrations in seabird fat and
eggs, fish, macroalgae (Portmann, 1976) and seal blubber (Holden,
1972).
There are several problems associated with using biochemical
indicators in environmental monitoring programs.

Perhaps the major

fault of these programs is that they have failed to consider the
effects of sampling and · environmental variables (Phillips, 1977).
Although the biochemical indicator species chosen have shown the
ability to accumulate materials, normally little is known about their
life histories, physiology and ecology, particularly with respect to
pollution.

Portmann (1976) has suggested that variations in the

pollutant levels of organisms can arise due to the effects of such
factors as age, sex and size.

Experiments have indicated for

example that variations in the concentration of chlorinated
hyc1rocarbons (organochlorines) in different individuals of the
same species of teleost fishes can occur and are thought to be due to
changes in the amount of body lipids present.

Variations in the

lipid content of fish species may, in part, be a result of
differences in age, sex, seasonality and other factors (Bayley and
Lake, 1979).

The effect of these factors on the accumulation of

trace metals and organochlorines in aquatic organisms has been
discussed in detail by Phillips (1980).
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The general quality of the environment may also affect the
pollutant concentrations in biochemical indicator organisms.

It has

been suggested that variables such as temperature and salinity may
affect the condition of an organism, altering the biological processes
(uptake, storage and excretion;

Bryan, 1979) which determine the

rate at which pollutants are accumulated.

It has been shown that

zinc uptake in the marine bivalve Mytilus edulis is diminished in
areas of low salinity due to a reduction in the filtering rate of
the organism. Consequently a low pollutant level in a biochemical
indicator relative to another in a different area may not reflect
differences in pollution, but may merely denote a lower rate of
accumulation (Fortmann, 1976).

Biomonitoring programs which fail to

take into account the effects of environmental factors on the
condition of biochemical indicators, or the importance of a rigorous
sampling design (using organisms of similar age, sex, size) run
the risk of producing results which may be totally erroneous, or
at best misleading.
Biochemical investigations with individual marine species
have also provided evidence which indicates that the concentration
of a pollutant may progressively increase at each trophic level
along a food chain.
{Odum, 1971).

This process has been termed biomagnification

In theory it suggests that organisms which occupy

a low trophic level in a food chain (e.g. phytoplankton) contain a
proportionally lower pollutant concentration than organisms which
occupy a higher level in the same chain (e.g. seals).

This

discovery is important since it means that an extremely low
pollutant concentration can become toxic in an environment if it is
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biomagnified through transfer along a food chain.

Bryan (1979)

discussed the available evidence for biomagnif ication in the
marine environment.

In most instances it is not clear whether the

observed stepwise increases in pollutant concentrations are a
result of biomagnification or bioaccumulation.

Indeed, Partmann

(1975) has argued that the supposed biomagnification of certain
pesticides would take place even if these residues were not
transferred along a food chain, since pesticide concentrations are
determined by the lipid content of an organism, and many of the
predators at high trophic levels (e.g. seals) have large deposits
of body fat.

At this stage, it would appear that only

organochlorine pesticides such as DDT and the heavy metal methyl
mercury show signs of biological magnification along food chains
(Bryan, 1979).
1.4.3.

Experiments with communities

Connell and Slatyer (1977) have defined an ecological
community as "the set of organisms that · occur together and that
significantly aff.e ct each other's distribution and abundance".
This definition recognises that species in a community are highly
dependent upon one another.

This delicate balance however, may be

upset if the conununity is subjected to an external stress.

If

such a stress is applied to a community not only will it eli1,11ina·te
inflexible or intolerant species it may also remove or change the
abundance of species which are dependent on them (Futuyma, 1973).
This may set up a chain reaction in the community as species adjust
to the new condit.ions in a bid to regain the structural balance
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which was initially destroyed.

Although it has been realised for

many years that the structure and composition of a community
changes as a consequence of environmental stresses it has only been
in recent times that this fact has been used as a means of studying
the effects of marine pollution.

Like single species studies

(Section 1.4.2), experiments with conmrunities focus on the behaviour
of organisms in the field, and are able to give a time-averaged
measure of pollutant effects.
extremely sensitive.

Such a measure can often be

Conmrunity studies also allow an evaluation

of the long term biological effects of a whole range of pollutants.
A serious disadvantage suffered by these studies is that large
variations in the structure and composition of ecological communities
can also be caused by a range of ecological factors (e.g. see
Section 1.. 6) unrelated to pollution.

Therefore it has been

recognised that the effects of these factors need to be . taken into
account when conducting connnunity studieE! and this is not always
possible due to the complexities involved.

Conmrunity field · studies

can be grouped into three different categories according to the
methods employed:
1.

Ecological indicators.

2.

Quantitative diversity measures.

3.

Functional measures of the community.
It has been realised for many .years that certain organisms

can be used to signify particular aspects of an environment.

The

theoretical basis for such a notion nas been succinctly defined by
Warren (1971), who suggested that since the environment determines
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to a large degree the types of organisms which inhabit a particular
location, these inhabitants should be able to be used as indices
of environmental change.

A great many studies have utilized this

concept in order to indicate certain pollutant effects.
Organisms which have been used in this way are ref erred to as
'ecological indicators' (Connell, 1981).

The presence or absence

of these organisms in a marine conununity is used .to indicate
changes in water quality.

They should not be confused with

biochemical indicators (Section 1.4.2) which concentrate
pollutants and are capable only of detecting pollutants in a marine
system.

Stein and Denison (1967) have suggested that indicator

organisms tend to reveal more about water quality than do chemical
analyses that are unrelated to the environment.
(195~demonstrated

Indeed, Beak et. al.

that the biological responses of organisms can

signify the occurrence of a particular aspect of the environment
which may otherwise remain undetected by chemical techniques.
Studies which have employed ecological indicator species as a means
of determining differences in water quality utilise the fact that
organisms have different tolerances to pollution.

Theoretically,

it is assumed that the biological conditions in an unpolluted
environment are at equilibrium (Reish, 1972),

whereby communities

consist of a wide variety of plants and animals.

When pollutants

are introduced into such an environment the more sensitive species
are killed, thus eliminating the competitors of the more tolerant
organisms.

As a result, these remaining organisms increase in

abundance and dominate the community.

If pollution is increased

then an additional reduction in the species richness of the
community occurs and should the pollutant levels become extremely
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toxic then the last surviving species are killed and the area is
left devoid of all life (Reish, 1972).
Most studies conducted in the field have used either a
single dominant species or group of species from a particular
community to indicate the effects of pollution.

The attributes

needed by an organism if it is to be used as an ecological indicator
have been discussed by Harman (1974).

Ecological indicators were

first applied to freshwater systems by Kolkwitz and Marsson
(1902, 1908, 1909).

These early studies attempted to classify

polluted areas according to the groups of species they contained.
This method known as the 'saprobic system', was based on the
finding that zones of contamination can occur as distance is
increased away from a source of pollution.

It was found that these

zones contained a characteristic set of organisms.

Kolkwitz and

Marsson (1902) initially identified three levels of organic
pollution:
1.

Polysaprobic level;

in which reduction processes

predominated.
2.

Mesosaprobic level;

where the reduction processes

were gradually supplanted by oxidative processes.
3.

Oligosaprobic level;

in which only oxidative processes

occurred.
This method provided the basis for several other systems which have
defined and classified additional levels of pollution (see Fjerdinstad,
1964;

Liebmann, 1962;

Sladecek, 1965).

These indicator systems

were designed to investigate the effects of organic pollution on
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freshwater life.

Therefore, the majority of studies which have

used ecological indicators have been carried out in freshwater
systems particularly in Europe and North America (Hynes, 1974).
The development and use of these method.s in freshwater
environments has been comprehensively discussed by Persoone and
De Pauw (1979) and

Bayl~

and Lake (1979).

Although the conceptual ideas regarding ecological
indicators first originated in freshwater systems they have been
utilised to some extent in the marine environment.

There have

been a number of studies which have employed ecological indicators
to estimate the effects of marine pollution.

The main types of

pollutants which have been investigated in the marine
environment are sewage and industrial wastes.

Bacteria

(e.g. Escherichia coli), macroalgae (e.g. Ulva spp.,
Enteromorpha spp.) and benthic, subtidal and intertidal
invertebrates have been used predominantly as ecological indicators.
Free moving animals such as fish have been employed as indicator
species, however, they have proved difficult to sample (Allen et. al.
1960;

Stein et . al. 1963).

Several marine studies have estimated

differences in water quality by describing zones of contamination.
Filice (1954a, 1954b, 1958, 1959) defined three zones of decreasing
pollution in San Francisco Bay, consisting of a'barren' zone, in
which only two benthic species were found;

a 'marginal' zone, where

a few tolerant species were found to occur in great abundance;

and

a 'clean' zone, which contained a diverse assemblage of organisms
each of which occurred in relatively tow numbers.

These zones were

similar to the freshwater zones previously described by
Patrick

(1949~

who designated her zones very polluted, polluted and
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healthy.

Zones of contamination have been described for a number

of coastal areas throughout the world using ecological indicators
(e.g. Abbott et. al., 1973;
Crippen and Reish, 1969;
1959, 1960;

Bellan, 1967;

Blegvad, 1932;

Kitamori, 1963;

Kitamori and Funae,

Kitamori and Kobayashi, 1958;

Kitamori and Kobe, 1959;

McNulty, 1970;

1959, 1971a; Soule et. al., 1975).

Kitamori et. al. 1959;
Reish, 1955, 1957a, b,

Single species from various

ecological communities have also been used as indicators of
certain marine pollutants, for example the bacterium Escherichia
coli has been utilised as an indicator of pathogens (Perkins, 1974).
In addition, the polychaete Capitella capitata has been regarded as
a species which is indicative of organic pollution (Reish, 1960).
This organism has been found to occur abundantly in organically
enriched sediments (Pearson and Rosenberg, 1978).

McNulty (1970),

Perkins (1974), Reish (i960, 1972) and Wass (1967) have described
many of .the indicator studies which have been carried out . in
polluted marine environments.

The use of macrobenthic organisms

as indicators of organically enriched areas has been reviewed by
Pearson and Rosenberg (1978).
The use of ecological indicators in pollution research has
been criticised for a variety of reasons

by many workers,who have

argued that the presence of a species is not a good indicator of the
conditions which prevail in a particular habitat.

Cairns (1974)

pointed out that the presence of an organism signifies that only
certain minimal requirements have been met.

He further stated

that the absence of a species is a poo.r indicator since organisms
may be affected by a variety of factors other . than pollution.

The

species lists of many indicator studies have been found to contain
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organisms which may occur in a wide range of polluted conditions
(Bayllj

and Lake, 1979).

In fact, certain indicator species have

been found to occur abundantly in non-polluted environments
(Barnard, 1970).

Indicator studies have been criticised further

for the following reasons:
1.

There are very few organisms that meet all the
requirements necessary for an ideal ecological
indicator

2.

(Bayl~

and Lake, 1979).

The use of single indicator organisms can lead
to the adoption of conflicting ideas concerning
water quality (e.g. the use of

~·

coli in

classifying organically polluted areas)
(Anon, 1979 a;
3.

Stein and Denison, 1967).

Most indicator species are not equally sensitive
to all pollutants.

As a result the type of

pollutants present in an area and the
tolerance of the ecological indicators to these
pollutants need to be known if the results of a
study are to be correctly interpreted (Cairns, 1974).
Unfortunately such data canno+
4.

always be obtained.

It is often not possible to compare areas of similar
water quality since many indicator species have
limited distributions (Reish, 1972).

5.

The effects of pollution are sometimes difficult to
estimate because of the problems involved in
identifying all .the organisms recorded in an
indicator study (Stein and Den·ison, 1967).
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6.

Indicator studies, particularly those based on the
saprobic system, provide only a qualitative, subjective,
assessment of the effects of pollution.

Consequently

there is no standardised procedure for comparing the
species groupings of different polluted zones.
Several . indices based on indicator systems were developed for
freshwater studies in order to overcome the problems associated with
the qualitative nature of the indicator concept .

The most

important of these indices are the Beck Biotic Index, the Trent
Biotic Index and the Chandler Biotic Score, proposed by Beck (1955),
Woodiwiss (1964) and Chandler (1970) respectively.

Bayly

and Lake

(1979) have discussed the usefulness of these indices in monitoring
the effects of pollution in freshwater.

They have suggested that

these indicator-type indices have a restricted application and
should be limited to investigating the. effects of organic pollution.
There have been attempts to utilise indicator-type indices in the
marine environment and most recently Bellan (1980) has proposed the
use of an Annelid Index to detect pollution in the Mediterranean Sea.
Like their freshwater counter parts such indices have a limited
application in pollution studies.

In general it would appear that

the main value of an ecological indicator lies in its ability to
act as a danger signal of pollution (Reish, 1972).
As previously mentioned, the concept of using a select group
of organisms to monitor pollution has been criticised since the
task of determining the significance of the presence .or absence of
such organisms can be particularly onerous.

Patrick and

Strawbridge (1963) in discussing the .changes in diatom connnunities
have pointed out that the presence of an organism may signify the
occurrence of pollution, however its absence may not necessarily
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mean that the pollution has diminished.

Indeed, the absence of an

organism may be due to a variety of circumstances, for instance, it
may be the result of unsuitable environmental conditions, or the
organism although tolerant of the prevailing conditions may not
have had the chance to establish itself.

In addition, an organism

may not be present in an area because its niche has been taken over
by another species (Cairns, 1974).

Since the species in a

community are interdependent it has been argued that it is more
appropriate to use changes in connnunity structure to assess the
effects of pollution.

It must be mentioned however that several

theoretical assumptions govern the use of community structure in
estimating pollution effects.
1.

These assumptions are:

Natural systems tend to become more complex acquiring
additional species as they develop.

This process

gradually comes to a halt and is replaced by a
stabilised structure.
2.

As a system (community) develops its internal
complexity increases.

3.

Highly complex (diverse) communities are more stable
than simple connnunities.

4.

Stresses such as pollution can reduce the complexity
of a counnunity by eliminating sensitive species and
increasing the abundance of tolerant species.

This

concept suggests that high community complexity is
positively correlated with high environmental quality.
These assumptions have been discussed·in more detail by Cairns (1974).
It should be mentioned that there is very little direct evidence to
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support any of these assumptions and as a consequence they have
been criticised by such workers as May(l975) who has argued that
there is no clear relationship between diversity and stability.
Studies which have used community structure to estimate water
quality have generally involved diversity indices.

Such indices are

employed as .a quantitative measure of the overall structure of a
community.

These measures unlike indicator systems, are based on the

behaviour of all species in the community.

The term diversity has

itself been the focal point for much confusion since it has been
explained by a large number of different definitions, models and
indices (Eberhardt, 1969).
into two categories;

Peet (1974) has divided diversity measures

those which are concerned with;

(a) species

richness (which is a function of the numbers of species in the
community) or (b) heterogeneity (which is a function of both the
number of species present and the relative abundance of each of these
species).
According to Cook (1976) for an index to be an ideal measure
of pollution it needs to be:
1.

Sensitive to changes in community structure.

2.

Applicable to a number of different types of
environments.

3.

Independent of sample size.

4

Capable of. providing a continual assessment along
a pollution gradient.

5.

Simple in design, so that both data collection and
analysis can be performed efficiently.
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The Shannon-Wiener Index, proposed by Shannon and Weaver (19631
has been most commonly used in pollution studies and in many
other field studies (Dennis and Patil, 1977).

This index of

heterogeneity is based on information theory and is designed to
emphasize the relative abundance of each of the species in
the community (Bayly

and Lake, 1979).

The Shannon-Wiener

Index has been used successfully .in a great number of pollution
studies, both in the marine and freshwater environments.

Many

of the marine studies which have utilised diversity indices
have been discussed by Pearson and Rosenberg (1978).

Although

diversity indices have provided useful information regarding
marine pollution, there is still a great deal of debate regarding
their application to field studies.

The use of diversity measures

has been criticised on both theoretical and mathematical grounds.
Furthermore, several studies have shown that the indices employed
in pollution studies of ten do not meet the requirements specified
by Cook (1976), although it must be noted here that these
requirements are quite stringent since
'ideal' pollution index.

the~

are specified for an

The use of diversity indices in

pollution research has been discussed in detail by Bayley and Lake

(1979), Dennis and Patil (1977), Gray (1979), Gray and Mirza (1979h
and Green and Vascotto (1978).
Despite the criticisms, diversity indices have proven useful
in many situations. Although ' they provide very little autecological
information regarding certain species in the community, diversity
measures have distinct advantages in that they can summarise large
amounts of data and offer an efficient and rapid means of estimating

35

pollutant effects. (Moore, 1979).

Dennis and Patil (1977) have

suggested that diversity indices have a dual function in relation
to pollution ecology, that is, they can be used to determine the
effects of pollution in relation to the natural community, or
they can be used to indicate whether observed changes in the
community are a result of a particular contaminant.

In the first

case diversity is used to assess the effects of pollution whilst
in the second case it is employed as an. indicator of water quality.
The majority of marine (and freshwater) pollution studies have
attempted to measure community structure along a known pollution
gradient (e.g. Pearson and Rosenberg, 1978).

In most instances

the diversity measures used were reduced as a result of pollution.
Dennis and ·Patil (1977) concluded that diversity indices are
probably the best measures available for assessing the effects of
pollution on ecological co1DD1Unities, although they stated that it
is not clear whether such indices are useful in detecting the
presence of pollutants in an environment;
water quality.

i.e. indicators of

More than likely their use as pollution indicators

will be restricted to specific environments and certain types of
pollutants.
Population distribution models have been suggested as an
alternative measure to diversity indices for describing the
structure of communities.

Various types of community models have .

been developed including the broken stick model (MacArthur and
MacArthur, 1961), the dendritic model (Cairns and Kaesler (1969),
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and the truncated normal curve model (Whittaker, 1965).

Recently

the log-normal distribution model has been used as a means of
detecting pollution-induced changes in communities.

This

distribution has been discussed in detail by · May (1975), arid
its use in pollution studies has been strongly advocated by Gray

(1979, 1981) and Gray and Mirza (1979). , Although it has been
utilised only recently, this technique has shown great promise as a
measure of the effects of changes in water quality, (Gray, 1979,

1981).

In general, community models such as the log-normal

distribution model provide

a more qualitative description of

community structure than do diversity indices (Patrick, 1972),
and they have been shown to have a number of distinct advantages
over diversity measures (Gray 1981).

The major weakness of the

log-normal model would appear to be that it is based on the
assumption that the relationship between the response of
organisms in the community and pollution is linear, while toxicity
studies have shown that many marine organisms respond to pollutants
according to threshold levels of toxicity (e.g. Goldman, 1979).
Studies that have utilized ecological indicators or diversity
measures have proven extremely useful in monitoring the pollution in
marine environments.

These studies assess the effects . of pollutants

solely in terms of the structural nature of the community. As such they
are able to determine what effects have been caused by pollution,
however they provide little information as to how these effects were
brought about.

Consequently, they are concerned more with the end

results of pollution rather than with understanding the mechanisms
by which these results are achieved.

Christie (1980) has stated
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that an understanding of the factors that cause fluctuations in
communities is an essential requirement for assessing the effects
of such stresses as pollution.

Indeed, an understanding of these

factors allows the investigator to separate the effects of
pollution from the variability produced by natural structuring
forces (e.g. competition, predation, natural physical disturbance)
within the community.

Rastetter and Cooke (1979) noted that the

species diversity of marine fouling communities near a sewage outfall
was reduced, and by observing the developmental processes of these
communities they were able to conclude that the low species diversity
was not directly due to the toxic conditions but rather was due to
species being competitively excluded by more 'favoured' organisms.
A knowledge of the functional relationship between pollution and
ecological communities is thus desirable, since it provides a
greater understanding of pollution and its effects on the
environment.

This type of approach has been adopted recently in

several studies (Jones, 1971, 1972, 1973; Sheppard et. al., 1980).
These studies investigated the effects of pollution by monitoring
changes in the trophic structure of invertebrate comm.unities on
macroalgal holdfasts.

They showed that toxic pollutants may modify

the entire food web in a community by removing food chains,
suppressing the development of certain species, and enhancing the
abundance of other organisms.

Apart from measuring the overall

functions of ·a community a functional view of pollution can be
achieved by observing its effect on community processes such as
succession.
1.5.

Marine pollution and community succession

Because of its observed importance in ecological systems,
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succession has been a major theme in community ecology for many years.
Successional theory was initially formulated by Clements (1916) who
regarded this process as being akin to an embryonic development
culminating in a fully developed adult organism (climax).

This type

of developmental pattern had been observed to occur in many
different types of plant communities (Drury and Nisbet, 1973).
Since Clements first proposed his theory the mechanism&of succession
have come under close scrutiny.

As a result the concepts of

successional theory have been altered and refined.

Whereas Clements'

theory emphasised the structural aspects of succession, recent
theories by Odum (1969) and Whittaker (1965) have viewed succession
as a process involving both structural and functional changes.

The

classical theory of Odum defined succession according to the
following 3 criteria:
1.

It is an orderly community process which is both
generally ·directional and thus predictable.

2.

It is a result of the community modifying the physical
environment.

The presence of a particular

organism provides conditions which favour the
establishment of another organism.
3.

It results in a stabilised system.

Thus succession

creates greater order in the community by increasing
its control of the physical environment.
There has been a great deal .of discussion as to whether this
type of succession occurs in natural communities.

Evidence in

~

support of this process comes mainly from studies which have
investigated the colonisation of vegetation in grassland, forest
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and sand dune areas.

An example of classical succession is thought

to be the colonisation of sand dunes (Olson, 1958), whereby the
first filants to colonise, termed pioneer species, stabilise the
shifting sands.

This action alters the physical environment of the

dune surface making it suitable for colonisation by later appearing
species.

There is some evidence to suggest that succession may

occur in animal communities.

Scheer (1945) suggested that studies

by Hewatt (1935) and Kitching (1937) provide evidence of succession
in intertidal communities.

Connell (1972) has however challenged

this conclusion since he has stated that there is no clear evidence
to indicate that intertidal connnunities undergo an orderly
development which is internally .controlled and culminates in a
climax community.

Succession has also been reported to occur in

marine fouling connnunities by numerous authors (see Section 1 .6) .
During the last few years classical succession has been increasingly criticised by such authors as Connell and Slatyer
(1977), Drury and Nisbet (1973) and Horn (1976).

Drury and Nisbet

(1973) have pointed out that the succession in many plant communities
is not unidirectional and moreover some species appear to delay
rather than facilitate the establishment of later colonists.
They suggested that changes in species composition are not
necessarily associated with changes in the structural and functional
attributes of a community.

Three alternate models of succession,

termed facilitation, tolerance and inhibition, have been put
forward by Connell and Slatyer (1977).

The facilitation model is

equivalent to the model of succession proposed by Clements (1916)
and it has been variously termed the 'Relay Floristics' model
(Egler, 1954) and the 'Obligatory Succession' model (Horn, 1976).
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This model assumes that only certain early colonists are able to
establish in a newly created space.

Furthermore, these

colonists modify the environment so that it is more suitable for
later occurring species.

Evidence for this model can be found in

the primary succession of vegetation (Connell and Slatyer, 1977).
Other recent examples of facilitation have been found in marine
fouling communities (e.g. Dean and Hurd, 1980;
Sutherland and Karlson, 1973).

Russ, 1977;

Both the tolerance and inhibition

models proposed by Connell and Slatyer (1977) assumed .that any
species can occur in the initial phases of development.
process was postulated by Egler (1954).

This

The tolerance model assumes

that the modification of the environment by earlier species neither
increases nor reduces the rate of establishment.

Later colonists are

those that have generally established at the beginning of connnunity
development and grow more slowly.

These organisms are able to

utilise the available resources more efficiently and end up
dominating the connnunity at some stage.

Connell and Slatyer (1977)

suggested that the sequence of organisms is determined by life history
strategies whereby those which are tolerant are able to develop
regardless of the canpetfrion from other more established species.
Anger (1978) found ev.idence to suggest that this type of process
occurred in the development of marine fouling communities. Very
little other evidence has been found in support of this model.
The inhibition model postulates that once a colonist establishes in
a space it both inhibits the settlement of later species and
suppresses the growth of those organisms already present.

Connell

and Slatyer (1977) stated that an organism may eventually be
replaced by the same species or a different species irrespective of
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whether they normally occur late or early in the successional
process.

In this type of process there is a tendency for long

lived species to accumulate.

Thus succession normally starts with

short-lived species and ends up with long-lived species.
Inhibitive interactions have been observed to occur in a variety of
different communities including;
Goodwin, 1974;

Platt, 1975;

plant communities (Niering and

Platt and Weiss, 1977;

Raynal and

Bazzaz, 1975), forest communities (Webb, et. al., 1972), intertidal
communities (Dayton, 1971, 1973, 1975;

Lubchenco and Menge, 1978;

Sousa, 1979), and marine fouling communities (Dean and Hurd, 1980;
Osman, 1977;

Sutherland, 1974, 1977;

Sutherland and Karlson,

1973, 1977).
The mechanisms which determine the sequence of species in a
conmrunity have been vigorously investigated for a number of years.
Numerous studies have shown that competitive interactions between
species and interactions between species and predators have a
profound influence on the organisation of many natural communities.
Experiments with animals of rocky intertidal areas have
demonstrated interspecific competition where the location of one
animal is restricted by · the presence of another animal (e.g. Cc;>nnell,
1961 a, b;

Dayton, 1971).

If the competitor of an animal is

removed experimentally then the animal moves into the newly vacated
space.

Numerous experiments have also indicated that the degree of

interaction between two competing species may depend upon the extent
to which predation occurs (e.g. Jones, 1948;
Stephenson and Searles, 1960).

Paine and Vardas, 1969;

Consequently predation may reduce

the abundance of two competing species to such an extent that
competition is prevented.

Many studies have demonstrated the

importance of competition and predation in regulating conununi.ty
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structure (Christie, 1980;

Connell, 1975;

Menge, 1978b;

Russ, 1980).
Although competition and predation are undoubtedly
important in the environment they are not the sole factors
responsible for determining community structure.

Indeed it has been

shown that natural physical disturbance is also responsible for
organizing communities, (Dayton, 1971;

Moran, 1980).

Studies

by Menge (1978a, b) and Lubchenco and Menge (1978) have
demonstrated that competition and predation can be greatly affected
by this factor.
Large scale physical disturbances such as earthquakes,
landslides, storms and fire can have a profound influence on
ecological co111UUnities .s ince they have the capacity to destroy large
numbers of organisms and in so doing create areas of free space
(e.g. Connell, 1978;

Dayton, 1971).

The availability of such space

in a community can set in motion the processes of succession, and
the space becomes quickly colonised by opportunistic species.
If a perturbation occurs very frequently then the process of
'

.

'

community succession is continually halted.

In such an instance the

community is liable ·to be of low diversity since it will contain
only those few species which can establish themselves quickly between
each successive disturbance.

As the interval between disturbances

increases community diversity will also increase.

As Connell (1978)

stated "newer species with lower powers of dispersal and slower
growth, that were excluded by more frequent disturbances can now
reach maturity".

However if the interval between disturbances
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becomes too large then community succession is given time to run its
normal course.

In this instance the community has a chance to

return to a stable equilibrium and a state of low diversity.

In

light of the above ideas, Connell (1978) has suggested that the
high diversity observed in rain forests and coral reefs is due to
the fact that they are maintained in a non-equilibrium state by
levels of intermediate disturbance.

Thus, it can be seen that

physical disturbance is able to alter the structure of a
connnunity by interfering with the processes of succession.
Theoretically pollution can be considered as an artificial
disturbance, however there are subtle differences between
natural disturbances and man-made disturbances such as pollution.
The major difference lies in the fact that pollutants act more
select.ively than most natural disturbances since they do not
· eliminate all organisms equally but rather tend to remove only
certain (non-tolerant) species from the community.

When a

pollutant is extremely toxic this selective process is overriden and
all organisms in the community are destroyed.

In this case the

pollutant is acting in a manner similar to natural disturbance.
Under conditions of moderate pollution, sensitive species will be
eliminated from the environment.

This selective elimination is

likely to have dramatic effects on the successional process of a
community.

Changes in the successional process as a result of

pollution will ultimately lead to an alteration in the overall
structure of the community.

Consequently, pollution and . community

structure are linked together through the process of succession.
A better understanding of the effects of pollution on ecological
communities can thus be achieved .if successional changes are
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considered.
Very few studies have utilised connnunity succession to
investigate the effects of pollution.

Those which have been

carried out in the marine environment have been mainly concerned
with studying the effects of sewage pollution.

Jones (1971, 1972)

observed the succession of invertebrate connnunities on algal
holdfasts _· in waters which were polluted mainly by sewage.
sampling holdfasts

By

of different ages he was able to construct a

historical account of invertebrate succession.

Jones compared

the succession of connnunities from polluted and non-polluted
(control) areas . and

it was found that the number of species

colonising the polluted habitat was reduced by 43%.
communities on holdf asts

The invertebrate

in the polluted area were found to be

simpler in structure than the assemblages in the control area. · A
different sequence of species colonisation was also noted to occur
on the hold fasts . in the polluted area.

The pioneer species which

first established in these connnunities persisted throughout the
entire succession.

These organisms were predominantly suspension

feeders (Mytilus edulis, Sabellaria spinuiosa) and once established .
they dominated the connnunities in the polluted area.

Although the

species diversity in these invertebrate communities was observed
to be lower than the control area their rate of colonisation was
found to be much more rapid.

This increase in the colonisation

rate of species was thought to be due to the_availability of an
abundant food supply (organic nutrients).

Several species were

observed to occur in the initial stages of succession in the
polluted area, however they failed to gain a hold in the conu:nunity.
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These species whilst tolerant of the polluted conditons may have
been out competed for space by the opportunistic suspension
feeders.
Results similar to those described above were obtained by
Rastetter and Cooke(l979) when studying the development of marine
fouling communities in waters polluted by sewage.

They observed

that clean, artificial substrates were initially colonised by a
mat of blue-green algae.

As succession progressed on these surfaces,

this algal mat was found to continue its domination amongst the
fouling species which resulted in an overall reduction in the
taxonomic diversity of the connnunity.

These workers suggested

that this was due to the competitive exclusion of species, in
particular Hydroides elegans, by the algal mat.

The mechanisms

involved in this process could not be accurately determined, however
H. elegans was thought to be excluded from the community as a result
of the algal mat interfering with its larval settlement.

In this

study it can be seen that the observed changes in community
structure were brought about indirectly by pollution which itself
was responsible for influencing at least one interaction within the
successional process.
Murray and Littler (1978) investigated the succession of
algae on rocky intertidal areas exposed to sewage pollution.
They also found that the entire successional process was dominated
by species which occurred in the initial ·stages of community
development.

These opportunistic species were colonial diatoms,

filamentous Ectocapaceae, and blue-green algae.

·The successional

processes observed to occur in the polluted area were compared with
those found to occur in an unpolluted habitat.

The initial stages
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of succession in both areas were noted to be very similar, however,
the opportunistic species in the polluted habitat were found to
have higher capacities for growth and reproduction.

Consequently

the pollution-stressed community took only 1 month to recover
whereas the community in the non-polluted habitat was observed to
be still recovering after 30 months.

The overall changes in the

communities were thus very different. Whereas the community in the
polluted area remained relatively simple in structure throughout
the . entire successional period, the community in the control area
was noted to achieve increasing complexity with time.
Pearson and Rosenberg (1978) have given an excellent review
of marine benthic succession in relation to organic enrichment and
pollution.

In this article however, the term succession was used

primarily in reference to the spatial sequences which occur in
communities along pollution gradients.

True temporal succession

was discussed by these authors but this was mainly in connection
with the ·recovery of communities after pollution had abated.
The studies described above have provided a great deal of
useful information regarding the effects of pollution on marine
populations.

In particular they have demonstrated firstly, that

pollution may affect the structure of a community in a number of
ways, either by directly eliminating species from the environment
or by

subtl~

altering such processes as, competition, colonisation,

growth and reproduction.

Secondly, they have shown that

opportunistic species (MacArthur, 1960) tend to dominate
communities which are affected by organic (sewage) wastes.

These
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species are usually the initial colonisers of any newly created
space since they have the ability to grow and reproduce rapidly.
Their observed importance in organically enriched environments ·
has been discussed by Pearson and Rosenberg (1978).

In

conclusion, therefore, studies which have investigated the
development and succession of conununities have proved to be
useful not only in determining the effects of pollution on
marine populations but also in understanding how these observed
changes were brought about.
1.6

Marine fouling conununities

The term 'marine fouling' refers to the attachment and
growth of animals and plants on man-made objects submerged in the
sea.

These organisms are :most often found on the hulls of ships,

in seawater pipes and conduits and on the sides of wharves and
jetty pylons.

In fact, marine fouling organisms can be found on

almost any type of submerged surface.

Surfaces submerged for

long periods of time may be covered by a crust of fouling organisms
up to several feet thick.

Growth of this kind can seriously affect

the performance and efficiency of many marine

struc~ures

especially

ships, underwater acoustic devices, navigation buoys and the
seawater pipes leading to power stations.

A good example of this is

the sinking of the German battleship 'Graf Spee' during
World War II.

Its loss was attributed to greatly decreased

performance brought about by extensive fouling (Rourke, 1960).
In order to maintain marine structures at a high level of
efficiency costly cleaning and preventive measures must be undertaken
at regular intervals.

During the period 1945-1970, a great deal of

research was carried out to find ways of controlling the growth of
fouling organisms on submerged surfaces

(Ketchum, 1952;
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Marchand, 1946;

Marson, 1962;

1963a, 1963b, 1964;

Turner et. al., 1948;

Wisely and Blick, 1967).

Wisely, 1962,

Although much of this

research was concerned with developing effective anti-fouling paints
it gave a valuable impetus to studies on the ecology of marine
fouling communities.

These anti-fouling studies provided useful

information on the general biology of marine fouling organisms, ·
particularly with respect to their time and stage of settling, their
subsequent development, the reactions of each organism to others
in the community and their reactions (tolerance) to toxic elements.
In addition, anti-fouling research has also been responsible for
the formulation of species manuals which have proved extremely
useful in the identification of marine fouling organisms (Millar,
1969, Nelson-Smith, 1968;
Sara, 1974;

Russ and Wake, 1975;

Southward and Crisp 1963;

Ryland, 1965;

Wood and Allen, 1958).

In any given area a marine fouling community may consist
of sessile animals, free moving animals, sessile algae, fungi,
protozoans and bacteria.

However, since sessile animals

generally form the major component of marine fouling communities
(Crisp, 1965) the following discussion on marine fouling is
restricted to these species.
Almost all fouling organisms are invertebrates and include
members of the following phyla:
1.

Porifera (sponges).

2.

Cnidaria or Coelenterata (hydroids/anemones).

3.

Annelida (tubeworms).

4.

Arthropoda (barnacles).

s.

Mollusca (bivalves).
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animals)~

6.

Bryozoa (moss

7.

Chordata (ascidians).

Table 1.2 lists the types of reproduction employed by these
animals.

It can be seen that the most connnon method of

propagation amongst fouling organisms is via sexual reproduction.
After this process has taken place the fertilised eggs of adults
develop into larvae which remain planktonic for varying periods
of time.

Some larvae have a relatively short pelagic life

(e.g. ascidians), whilst others can remain in the sea for several
weeks (e.g. barnacles).

The development of larvae may be direct,

· in which case they do not undergo any further changes in form until
after they have settled, or the development may be indirect which
means that prior to attachment the larvae undergo a change which
consists of several stages each separated by a resting phase.
Direct development is· known to occur, for example in bryozoans
(e.g. Watersipora spp.), whereas indirect development is undertaken
by barnacles (e.g. Balanus spp.).

During the indirect development

of a barnacle the larva (nauplius) passes through six successive
stages (after which time it is called a cypris) before settlement
(Houghton, 1971).

When the larva has finished development it

searches for a suitable surface on which to settle.

As is the

case with most fouling organisms the larva · must settle before the
adult stage is reached.

The process of choosing an appropriate

settling surface is undertaken with great care by

mos~

larvae.

As Millar (1971) stat.es "it is particularly important to sessile
animals that a site is chosen which is appropriate to the needs of
the adult".

For example, the cypris of a barnacle on encountering

a surface will explore it thoroughly by 'walking' over the
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TABLE

1.2

Types of reproduction utilised by marine fouling organisms.

Animal
Sponge

Reproductive strategy
1

1.

Asexual:

2.

Regeneration:

3.

Sexual:

groups of cells (gemmules bud off to
form new sponge.
from broken sponge.

fertilised egg develops into an

amphiblastula larvae which settles to form a
new sponge.
Hydroid

2

1.

Asexual:

polyp generation developing from a

planula larva.

2.

Sexual:

medusoid generation (free swimming)

produce eggs and sperm.
Anemone

1

1.

3
Tubeworm

Asexual:

polyp generation only.

1. · Asexual:
2.

Sexual:
sea;

budding from parent, e.g. Filograna sp.
eggs and sperm shed freely into the

sexes usually separate although some are

hermaphrodites e.g. Spirorbis sp.
Barnacle 4

1.

Sexual:

cross fertization normally occurs;

most parents are hermaphrodites.
Bryozoan5

1.

Asexual:

budding to form colonies.

2.

Sexual:

most parents hermaphroditic;

fertilisation vivaparous.
Bivalve

6

1.

Sexual:

usually separate sexes;

fertilisation

oviparous.
. 7
Asci. d i.an

1.

Asexual:

2.

Sexual:

budding to form colonies.
adults generally hermaphroditic;

fertilisation vivaparous or oviparous;
Source

1.

Day, 1974;

2.

4.

Houghton, 1971;

7.

Millar, 1971.

Hawkins, 1971;

5.

3.

Ryland, 1971;

Nelson-Smith, 1971;

6.

Bennett, 1974;
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surface many times (Houghton, 1971), if the site is not
environmentally adequate then the cypris will leave it to spend
further time in the plankton.

If a suitable surface is not

found then the larva will eventually die .

The length of the

pelagic life of a larva depends on whether it is capable of
feeding while drifting in the water currents.

The larvae of most

bryozoans and ascidians are incapable of feeding, instead they
obtain their nutrients from a supply of yolk stored in their own
bodies (Glaser and Anslow, 1949;

Ryland, 1971);

this yolk

reserve is generally sufficient for only a few hours of life thus
the range of dispersal of these types of species is restricted.
Conversely, some bryozoans (e.g. Conopeum spp., Electra spp. and
Membranipora spp.) and most polychaetes can disseminate themselves
widely since their pelagic lives are much longer, some possibly
lasting up to several weeks (Ryland, 1971;

Nelson-Smith, 1971).

While in the water these larvae are able to feed on such organisms
as planktonic algae.

It should be noted here that the dispersal of

fouling organisms has been greatly enhanced as a result of
international shipping.
Hydroides norvegica

The species Watersipora cucullata and

for example, are thought to have been

introduced into Australia after having been transported on the
bottoms of ships (Wood and Allen, 1958).

This type of dispersal

is thought to have occurred in many other parts of the world
(Perkins, 1974).
Once a larva has settled it changes into an adult by
undergoing a series of complex alterations (metamorphosis).

The

larvae of marine fouling organisms form either solitary or
colonial adults.

Amongst such organisms as bivalves and barnacles,
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one larva develops into a single (solitary) adult, however in
animals such as bryozoans (e.g. Bugula avicularia, Watersipora
cucullata) and some ascidians (e.g. Botryllus schlosseri,
Botrylloides leachii) each larva that settles will form a single
colony composed of many individuals (zooids).

Such colonies can

be closely adherent to the surface (i.e. encrusting) or they can
rise above the surface forming plant-like tufts (i.e. frondose or
erect).
The settlement of larvae of marine fouling species is a
complex biological process which according to Crisp (1953), can
be divided into three stages:
1.

Movement of larvae towards the surface.

2.

Larval exploration of the surface.

3.

Orientation and attachment of larvae.

The distribution of marine fouling organisms is greatly influenced
by the behaviour o.f larvae during settlement.

The settlement of

marine larvae can be affected by a variety of factors;

in fact,

it can be halted altogether under very harsh conditions.

These

factors can be classified into four different categories:
(a) physical (temperature, light, gravity and water velocity);
(b) chemical (salinity, dissolved oxygen, pH, turbidity and toxic
materials);

(c) environmental (surface angle, surface colour,

surface film and surface texture);

(d) biological (behaviour).

The most important parameters in the marine environment are
considered to be;

temperature, salinity, light, dissolved oxygen,

pH and turbidity.

These are responsible for determining the

distribution and abundance of not only fouling organisms but also
most other forms of marine life.

Kinne (1963, 1964), Perkins (1974),

53
Rounsefell (1975) and Tait (1972) have discussed the effects of
these parameters on marine organisms.
Temperature, salinity and light are probably most responsible
for controlling the settlement, and hence, the distribution and
abundance of marine fouling organisms.

Temperature, is thought to

be the most important of all the marine parameters (Houghton, 1971).
Changes in this parameter can greatly alter the condition and
ultimate behaviour of organisms by affecting their metabolic
processes.

The biological effects of temperature have been

discussed by Kinne (1963).

This factor is of great importance in

relation to marine fouling since it is largely responsible for
controlling the frequency of spawning (Crisp and -Davies, 1955).
It is known that increases in temperature (even small rapid rises)
can trigger the release of larvae (Wood and Allen, 1958), this
process however can be completely arrested in low temperatures
(Patel and Crisp, 1960).

Consequently in temperate waters (which

experience marked changes in temperature) larval settlement is
more intense in summer and is generally only slight in winter.
A greater number of species are also found to occur during the
summer period when fouling is greatest.

In tropical areas where

the water temperatures · are consistently high, fouling is
continuous throughout the year (Paul, 1942;

Weiss, 1948).

This

seasonal occurrence of fouling has been noted in many studies
(Brayko and Dolgopol'skaya, 1974;

Hutchings, 1981;

McDougall, 1943;

Meadows, 1969;

Mook, 1976;

Reish, 197lb; Russ, 1977;

Skerman, 1959;

Wood and Allen, 1958). · It should be mentioned here

that although the spawning of many fouling organisms is keyed to
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rises in water temperature there are some animals that .release
larvae when water temperatures are low, for example, Wood and
Allen (1958) have noted that in Australia the mussel
Mytilus edulis planulatus spawns during cooler conditions when the
water temperature is less than 21°C.
Apart from being responsible for regulating the spawning
of fouling organisms, temperature may also affect the photoresponse
of settling larvae.

Numerous studies have shown that the rate at

which larvae change from being positively phototropic to •egatively
phototropic can be increased if the surrounding water temperature
is also increased.

This has been demonstrated for bryozoans

(Lynch, 1949, 1955a) and barnacles (Runnstrom, 1925; Rose, 1925)
and there is evidence to suggest that this may be a reversible
process (Ewald, 1912).

It has also been shown by Lynch (1947),

that the bryozoan Bugula neritina, can be made indifferent to
light when settling, if it is exposed to low water temperatures.
Temperature is also known to affect the metamorphosis (Thorson, 1950)
and subsequent growth of fouling organisms.

In temperate waters

the majority of species take several weeks to a year to reach
maturity (Crisp, 1965), however studies in tropical environments,
have shown that many fouling organisms become mature in a period
of two to three weeks (Paul, 1939, 1942).
Salinity lll8Y affect marine organisms by altering their
structural and functional properties (Kinne, 1964).

As is the

case with .most marine invertebrates, fouling animals are most
sensitive to changes in salinity during their. larval phase.
Many fouling species can only settle in areas which are subject to
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small fluctuations in salinity.
being stenohaline.

These organisms are referred to as

The barnacle Balanus crenatus is a

stenohaline organism and tends to settle in waters where the
salinity is between 20-30°/oo (Houghton, 1971).

On the other

hand there are also many fouling animals, termed euryhaline, whose
larvae can tolerate wide ranges in salinity.

An example of a

euryhaline species is Balanus improvisus, which is able to settle
in areas where the salinity is as low as 5°/ 00 and as high as

30°/oo (Houghton, 1971).

The distribution and abundance of fouling

species is therefore closely related to changes in salinity.

Studies

in the Elbe estuary have demonstrated that fouling animals can be
restricted to distinct areas due to the effects of salinity on larval
settlement.

(Kuhl, 1967).

The barnacle Balanus crenatus was found

to be situated in areas where the salinity was on average 20-30°/ 00 •
The distribution of another barnacle, Balanus balanoides, was found
to be wider than that of

~·

crenatus, since it was observed to occur

with this species and was also found to exist in lower salinities
further up the river.

A third euryhaline species Balanus improvisus

was found in the same areas as the other two barnacle species,
however its range extended into very low salinities.

In Australia,

Wood and Allen (1958) have noted that the species composition of
fouling communities is different in oceanic and estuarine areas.

They

have found that estuarine fouling assemblages are largely dominated
by barnacles which can tolerate extremes of salinity and turbidity.
It is interesting to note that most stenohaline fouling species
occur in oceanic waters (Kinne, 1964).

Salinity has also been found

to affect the behaviour of settling larvae and like temperature it
can influence the response of larvae to light.

Experiments. by
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Lynch (1949, 1955b) [bryozoans], Bousfield (1955), Edmondson and
Ingram (1939) and Harder (1957) [barnacles] have demonstrated
that reduced salinity induced photopositive larvae to become
photonegative.

The spawning of certain fouling species has also

been found to be affected by changes in salinity.
the barnacle

Spatfalls

of

E.t.minius modestus have been observed to be

particularly heavy wheri salinity is reduced during periods of
heavy rainfall (Perkins, 1974).

The attachment of the hydroid

Tubularia sp. is accelerated also during periods of reduced
salinity (Pyefinch and Downing, 1949;

Skerman, 1959).

The

duration of swimming in larvae can be influenced by salinity.
Lynch (1947) has shown that hypertonic seawater decreases the
pelagic life of Bugula neritina by inducing metamorphosis, under
such conditions the larvae are also . induced to become geopositive.
Further studies have shown that if the salinity of the water is
decreased by 40-50% these larvae become geonegative.
Light is an

imp~rtant

environmental factor and can affect

the settlement of fouling organisms in several ways.
partic~lar,

surfaces.

In

light affects the movement of larvae towards settling
It is known that the

larva~

of fouling animals are

sensitive to light and respon:l either positively (i.e. they move
towards a source of light) or negatively (i.e. they move away from
a source of light) to it at the time of attachment, the former is
termed a positive phototropic response while the latter is known as
a negative phototropic response (Wisely, 1958a).

A large proportion

of fouling larvae are known to prefer to settle in low light conditions.
These larvae initially respond positively to light during their
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pelagic life, however, just prior to attachment they become
negatlvely phototropic and tend to settle in darkened areas.
This type of reaction to light has been demonstrated for ascidians
(Dybern, 1963;

Grave, 1920;

Grave and Woodbridge, 1924;

Mast, 1921), barnacles {Daniel, 1957;
1939;

Knight-Jones and Moyse, 1961;

Visscher, 1928;

McDougall, 1943;

Visscher and Luce, 1928) and the bivalve

Mxtilus edulis (Bayne, 1964).
barnacles (e.g.

Edmondson and Ingram,

~·

In the case of _M. edulis and some

balanoides) the larvae undergo several

phototropic changes during their indirect pelagic development and
they become negatively phototropic for a brief period just before
•

attachment (Thorson, 1964).

There are also a number of marine

fouling species which remain positively phototropic throughout
their entire pelagic life.

These species tend to settle in more

illuminated areas, many tending to establish themselves in
intertidal areas (e.g. the barnacle Chthamftlus stellatus;
Daniel, 1957).

Of all the marine larvae, only a small number

show no reaction to light during their free-swillllling life.

It

is thought that factors such as gravity may be responsible for
controlling their distribution.
Light has also been found to induce the spawning of
various marine fouling species.

Experiments by Berrill (1947),

Lambert and Brandt (1967) and Lynch (1947) have shown that the
release of larvae from such organisms as Ciona intestinalis and
Bugula neritina is light dependent.

Further studies have also

indicated that the spatfall of fouling animals may be accelerated
by light (Bousfield, 1955;

Cole and Knight-Jones, 1939;
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Medcof, 1955).

This is thought to be due to a stimulation of the

swimming activity of larvae.

The mechanisms involved in breeding

can also be influenced by the effects of light.
of the oviducal sac in the barnacle

~·

The development

balanoides may be

inhibited if the animal is constantly illuminated and as a result
it will fail to breed (Tighe-Ford, 1967).
affect the orientation of fouling species.

Light is also known to
Studies dealing with

the attachment of barnacles have shown that their orientation on
a settling surface is primarily influenced by light (Barnes et. al.,
1951;

Crisp and Stubbings, 1957).
Since light changes with increasing depth so does the

distribution of fouling organisms.

Studies have shown that many

marine fouling organisms have a definite vertical
occurring in .wide or narrow bands.

zonation

These zonations have been

observed in Australia (Wisely, 1959;

Wood and Allen, 1958),

California (Haderlie, 1968, 1969, 1974), Scotland (Perkins, 1974)
and many other countries.

Wisely (1959) found that Spirorbis spp.,

and Bugula .spp. preferred to settle in shallower (more illuminated)
depths, whereas Balanus spp. seemed to favour greater depths . . He
also observed however that some organisms (Watersipora spp. and
Bugula avicularia) appeared to have no depth preference.

On ships

the settling of organisms may be heavier near the keel which is
away from the light (Perkins, 1974), for example, Tubularia spp.
prefer to attach to these less illuminated areas (Skerman, 1960).
The barnacle

Etminius modestus which occurs over a wide range of

depths on continuously immersed structures, tends to settle most
heavily at a depth of 4-5 metres.

Its preferred depth of

attachment is thought to be controlled by a low optimum light
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intensity (Houghton and Stubbings, 1963).

All these studies have

shown that the type and intensity of settlement is very much
dependent on the depth of the settling surface.
Since larvae respond either positively or negatively to
light at the time of attachment, the colour of a surface and the
angle at which it is positioned can influence the settlement of
larvae.

The type of substrate chosen may well depend .on these two

light related factors.

Numerous studies have been carried out

which have demonstrated that settlement tends to be increased on
dark coloured surfaces (Edmondson and Ingram, 1939;
Knight-Jones, 1957;
1939;

Knight-Jones and Silva, 1958;

Pomerat and Reiner, 1942;

Visscher, 1927;

Gross and
McDougall,
Wisely, 1959).

This is because a large proportion of larvae are negatively
phototropic at the time of attachment.

Thorson (1964) ·s tated that

dark substrata appear to attract the larvae of most intertidal
species.

Even during daylight hours it has been shown using

barnacles that larvae settle more intensely on dark coloured
surfaces (Daniel, 1957;

Smith, 1948).

Experiments with the

barnacle »alanus balanus, however, indicate that in fact this
animal is not lured by dark coloured surfaces (Sch.Yfer, 1952).
Since
this · species usually
only occurs in deep water it is
.
.
presumed that the settlement of this animal may be primarily
controlled by the effects of gravity.

Studies of the effects of

surf ace angle on larval settlement have shown that a greater
abundance of fouling organisms occurs on the undersides of
horizontal panels (Crisp, 1953;
Gregg, 1945;

Edmondson and Ingram, 1939;

Pomerat and Reiner, 1942;

Wisely, 1959).

This is
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due to the fact that surfaces under horizontal panels are shaded
from the light above and consequently photonegative larvae are
attracted to these darkened areas.

Larvae of the stalked barnacles

Lepas anatifera and Lepas austral1s and the oyster Ostrea edulis
also settle on the darkened undersides of submerged objects
{Skerman, 1958;

Cole and Knight-Jones, 1939).

It is generally recognised that larvae also respond to the
texture of a surface when settling.

Indeed, several investigations

have shown that many fouling species prefer to settle on roughened
surfaces, (Barnes, 1956;
Wisely, 1959).

Lynch, 1947;

Pomerat and Weiss, 1946;

Wisely (1959) found in Sydney Harbour that although

most organisms preferred to settle on panels with roughened
surfaces, two species (Spirorbis sp. and Bugula sp.) appeared to
settle more abundantly on smooth panels.

He suggested that this

result may indicate that there are differences in the reactions of
larvae to surface texture.

Crisp and Ryland (1960) have observed

that some organisms appear to prefer smooth surfaces whilst others
are completely indifferent to surface texture.

Overall however, it

would seem that a larg_e proportion of fouling larvae respond positively
to roughened surfaces, consequently in terms of collecting marine
.fouling organisms the most efficient substrates are likely to be
those with rough or highly structured surfaces (Pomerat and
Weiss, 1946).
Newly submerged surfaces are quickly covered by a'primary
film' (see Russ, 1977)

which is composed of bacteria, diatoms,
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algal spores, protozoa and organic and inorganic detritus (Russ
and Wake, 1975).

The development of this film (slime) is

thought to favour the settlement of fouling organisms as
numerous experiments have demonstrated that fouling larvae
appear to settle more readily on filmed surfaces than clean
surfaces (Cole and Knight-Jones, 1949;
1955;

Knight-Jones, 1951;

Downing, 1949;
Zobell, 1938;

Corpe, 1977;

Miller et. al., 1948;

Scheer, 1945;

Wisely, 1958a;

Zobell and Allen,1935).

Daniel,

Pyefinch and

Wood, 1950;

Crisp and Ryland (1960)

suggested that although the majority of larvae prefer to attach
to filmed surfaces there are some organisms which favour clean
unfilmed substrates (e.g. Bugula flabellata).

The response of

larvae is also likely to depend on the characteristics of the
film and in particular whether it is primarily composed of bacteria
or diatoms (Daniel, 1955;

Meadows and Williams, 1963).

In a

Californian s .t udy bacteria were found to be the most common
micro-organisms in the primary film (Zobell, 1939, 1946) whereas in
Sydney Harbour diatoms and algal spores predominated on surfaces
used by Wood (1950).
There is a marked tendency for fouling larvae to settle
around previously attached individuals of the same species.

This

gregarious behaviour is known to influence larvae when choosing a
suitable surface on which to settle.

Gregariousness has been

demonstrated to occur in the following animals:
(Anger, 1978;

Knight-Jones, 1953;

barnacles

Knight-Jones and Crisp, 1953;

Knight-Jones and Moyse, 1961; . Knight-Jones and Stephenson, 1950;
Roskell, 1962;

Schafer, 1952), bivalves (Cole and Knight-Jones,

1949; · Knight-Jones, 1951;

Sparck, 1951), serpulids (Andrews and
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Anderson, 1963;

Klockner, 1976;

Knight-Jones, 1951;

Knight-Jones and Moyse, 1961; Knight-Jones and Silva, 1958),
ascidians (Berrill, 1950;

Glaser and Anslow, 1949), bryozoans

(Wisely, 1958a) and hydroids (Williams, 1976).

Gregarious

behaviour is thought to be due to a chemical interaction between
the already attached individuals and the exploring larvae.
Experiments which have investigated this phenomenon have indicated
that this behaviour can be stimulated by a heat-stable protein.
This compound can be extracted from animals such as barnacles and
when applied to inert surfaces it can make them extremely
attractive to barnacle larvae (Crisp and Meadows, 1963).

Larvae

have also been induced to settle using extracts from fucoids
(e.g. Fucus serratus;

Crisp and Williams, 1960).

It has been

suggested that this chemical attraction may be helpful to larvae
when choosing a site of settlement (Thorson, 1964).
The velocity of water moving over a surface is likely to
affect the· exploring and subsequent attachment of the larvae of
marine fouling organisms.

There is a great deal of evidence which

suggests that water velocities have considerable impact on the
type and quantity of settlement.

Smith (1946) and Crisp (1955)

stated that many marine larvae do not settle readily on surfaces
subjected to rapidly moving water.

In fact, speeds greater than

2 knots generally prevent the attachment of fouling organisms
(Perkins, 1974).

In some instances though, fast moving waters have

been known to stimulate the settlement of certain animals
(e.g. barnacles;

Crisp, 1953 1 1955 and Pyefinch, 1948).

Cypris

larvae do not attach freely in stationary or slowly moving water
since it would appear that they are

s~imulated

to settle when the
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flow of water is sufficient to pull them across a surface
(Crisp, 1955).

There is also evidence to suggest that cyprids

orientate themselves so that the cirral net is facing into the
prevailing current (Crisp, 1955;

Moore, 1935).

Of course not all

fouling animals are stimulated to attach in fast flowing currents.
~nimals

such as bryozoans (Doochin and Smith, 1951;

1943) and bivalves (Korringa, 1952)

McDougall,

are known to prefer to settle

in low water velocities.
The larvae of fouling animals are sensitive to the amount
of sediment in the water;

most animals are prevented from

settling if the water is turbid or the settling surface is silt
laden.

Maturo (1959) observed that the settlement of bryozoans

was inhibited on surfaces covered by sediment.

These conditions

are also apparently unfavourable for the settlement of the oysters
Ostrea edulis (Korringa, 1952) and Crassostrea gigas (Cardwell)
et. al., 1976).

The spirorbid Spirorbis viteus was also found to

require clear water for settlement (Crisp et. al., 1967).

It has

been postulated that during settlement in turbid conditions larvae
can be physically removed from a substrate as a result of the
mechanical action of silt particles (Cardwell et. al., 1976).
The effects of this abrasive process on larval settlement are
thought to be even more pronounced when the water is turbulent.
Apart from the factors already described, there are many
others which are capable of influencing the settlement of marine
fouling organisms including;

pH (Chesher, 1975), dissolved

oxygen (Reish, 1961) and gravity (Aboul-Ela, 1958;

Crisp, 1953;

64

Grave, 1944;

Lynch, 1947;

Turner and George, 1955).

Toxic

materials (e.g. mercury, copper, zinc) can also affect larval
settlement, a fact which is exploited in the use of anti-fouling
paints (Section 1.3;

Perkins, 1974).

Although t;hey are

designed to prevent the settlement of larvae moderate concentrations
of these materials have been found to induce and even accelerate
the metamorphosis of some fouli'ng species (Glaser and Anslow,
1949;

Lynch, 1958;

Prytherch, 1934;

Pyefinch and Downing, 1949).

Larval settlement is therefore a complex biological process
which is subtly controlled by a vast number of ecological factors.
In summary, two points must be mentioned with regard

to these

factors:
(a)

They can vary substantially through time as a result

of the effects of other extrinsic forces (e.g. weather, tides).
Consequently the settlement of larvae can be highly variable,
both within seasons, between seasons and between successive years.
This fact has been widely appreciated and has been recently
observed by Hutchings (1981) and Ehrler and Lyke (1980).
(b)

They need to be taken into account in the design of

experimental fouling studies.

This is particularly important when

using artificial substrates as sampling tools.
Marine fouling communities have been used extensively as a
means of attempting to understand the process of ecological
succession.

At present there is a good deal of conflicting evidence

as to whether succession in the classical sense (Odum, 1969) does
occur in marine fouling connnunities.

Many studies have indicated

that fouling connnunities do in fact undergo an orderly or
successional process whereby early arriving species 'prepare' the
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way for later colonists which are in turn replaced by a stabilised
Brayko and Dolgopol~kaya, 1974;

(climax) community (Aleem, 1957;
Coe and Allen, 1937;
Ito, 1959;

Dygert, 1981;

Lee and Trott, 1973;

Scheer, 1945).

Haderlie, 1969, 1974;

Lewis, 1979;

Russ, 1977;

Crisp (1965) and Perkins (1974) have described the

successional development which has been observed to take place on
substrates that have been exposed to marine fouling.

A clean non-

toxic surface when immersed in the sea initially becomes covered by
a slime film composed of mainly bacteria, protozoa, diatoms and
algal spores.

It is thought that these organisms may facilitate

the attachment of larvae of the more important fouling species
(Russ, 1977).

Sessile plants and animals are the next organisms

to colonise the surface, these species are regarded as 'secondary'
fouling organisms and their establishment on a surface may also
follow a successional pattern.

In temperate waters macroalgae and

hydroids generally dominate the early stages of secondary succession
and these are replaced by a sequence of communities which are
dominated in turn by barnacles, serpulids, btyozoans, solitary and
colonial ascidians and bivalves (usually mussels).

The subsequent

development of a fouling community dominated by mussels (in Australia
Mytilus edulis planulatus) often signals the final stage of fouling
succession in temperate waters.
to develop (Russ and Wake, 1975).

This stage may take several years
The establishment of secondary

fouling organisms on a surface provides food and shelter for a
number of different animals in particular,errant or free-moving
polychaetes, crustaceans and nudibranchs.

Although they are not
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attached to the substrate these adventitious organisms form part
of the overall fouling cormnunity.
Although the major pattern in a developing community is
generated by the successional process this pattern is further
complicated by the secondary process of seasonal progression.
Many of the authors who have advocated succession have emphasized
that it is often extremely difficult to distinguish between these
I

two processes (e.g. Brayko and Dolgopolskaya, 1974;
Scheer, 1945).

Russ, 1977;

The term seasonal progression was originally

defined by Scheer (1945) who suggested that this process resulted
from variations in the breeding seasons of different organisms.
Sutherland and Karlson (1973) have since refined this definition
by stating that seasonal progression should refer to the changes
in species abundance on mature undisturbed communities and not
just to the seasonality of reproduction per se.
Studies by Anger (1978) and Dean and Hurd (1980) have
demonstrated that succession-like processes can occur in marine
fouling cormnunities.

They have suggested however, that

thes~

processes do not conform to the classical model proposed by
Odum (1969) but rather may correspond -to other models of connnunity
development.

Anger (1978) found that the marine fouling communities

in Helgeland underwent an orderly sequential development that
corresponded in part to the 'tolerance' model outlined by Connell and
Slatyer (1977) (Section 1-5).

He stated however, that this

succession-like process need not be unidirectional having only one
end point (climax), but rather it may head in any direction as a
result of the effects of historical events (e.g. natural physical
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disturbances).

This concept of multiple stable points in

communities was first advanced by Sutherland (1974).

More

recently, Dean and Hurd (1980) found that the fouling conununity
succession in Lewes estuary,Delaware,conformed to the
components of several different models.

During the study,

facilitation (i.e. later colonists are enhanced by earlier
species) and inhibition (i.e. earlier colonists inhibit the
settlement of later species) were both observed to occur as the
community developed.

Facilitory and inhibitory interactions

form the basis of two separate models which have been developed
in order to explain the successional processes of communities
(Section 1.5).

Dean and Hurd found that the eventual

composition of their experimental fouling communities was
dependent largely on . inhibitory interactions.
It has been suggested by many workers that succession does
not occur at all in marine fouling communities(Boyd, 1972;
and Lyke, 1980;

McDougall, 1943;

Shelford, 1930;

Smith et. al., 1950;

Sutherland and Karlson, 1977).

Osman, 1977;

Ehrler

Reish, 1964;

Sutherland, 1974, 1977;

Evidence from several of these

studies has shown that the initial development of fouling
communities is unpredictable and is dependent on the order of
larval recruitment (Osman, 1977, Sutherland, 1974, 1977;
Sutherland and Karlson, 1977).

These same studies have also

demonstrated that the overall development of a fouling community
is itself unpredictable, since it relies on the ability of larvae to
invade space which has already been settled.

There is also

evidence which indicates that fouling assemblages do not reach a
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stable endpoint but rather achieve a local stability (Sutherland,
1974).

Recently Mook (1981) found that there was little evidence

to suggest that the fouling conununities at Indian River, Florida,
underwent a successional development instead, he observed that
these conununities developed to a similar endpoint irrespective of
their initial species compositions.

These results suggest that the

early species in a successional process do not prepare the way for
later colonists.
Marine fouling organisms are eminently s.uited for use in
pollution studies.
1.

This is because:

They are sessile (attached) and not hidden in the

substrate, consequently like animals of the rocky intertidal zone
their distribution and abundance in a particular area can be readily
estimated (Connell, 1972).
2.

They can be experimentally manipulated in the field.

This can be achieved using replicated treatments and undisturbed
controls.
3.

Unlike motile animals such as fish, marine fouling

organisms cannot escape from toxic wastes which may enter their
environment.
4.

Most marine fouling organisms are filter feeders (i.e. they

filter food from the surrounding water) and are dependent on the
water column for carrying out such processes as respiration and the
dilution of waste products. Therefore they have a very intimate
relationship with the seawater medium in which they live.
5.

Marine fouling organisms can be readily sampled by submerging
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artificial substrates (settling panels).
6.

The life cycles of fouling organisms . are relatively short

and their response to changes in the surrounding conditions is
relatively rapid.
7.

Marine fouling is a well known and world wide phenomenon.

In Australia, a large number of studies have been undertaken which
have provided a great deal o.f information concerning various
aspects of natural fouling communities (Allen, 1950;
Wood, 1950;
1955;

Dunstan, 1978;

1980, 1981 b;
1979;
8.

Blick and Wisely, 1965;

Day, 1977;

Dew and Wood,

Garrett and Ledbury, 1974;

Marshal et. al., 1980;

Vail and Wass, 1981;

Lewis, 1979,

Moran, 1980;

Wisely, 1959;

Allen and

Saenger et. al.,

Wood, 1950).

Fouling communities have proved effective in evaluating the

effects of various types of environmental stresses including;
pollution (Abbott et. al., 1973;

Crippen and Reish, 1969;

Ignatiades and Becacos-Kontos, 1970;
Rastetter and Cooke, 1979;
Sheppard et. al., 1980;

Jones, 1971;

McNulty, 1970;

Relini and Relini-Orsi, 1970;

Soule and Soule, 1971;

thermal pollution (Grovhoug, 1979;
enrichment (Henderson and

Soule et. al., 1975),

McCain, 1975), nutrient

Smith, 1978) and salinity fluctuations

(Smith et. al., 1979).
9.

Marine fouling organisms have been used in a number of

lethal and sublethal . toxicity studies (Benson and Moncreiff, 1977;
Calabrese et. al., 1973;
Anslow, 1949;
1946;

Clarke, 1947;

Lynch, 1958;

Prytherch, 1934;

Connor, 1972;

Manley and Davenport, 1979;

Pyefinch and Mott, 1948;

Glaser and
Miller,

Weiss, 1947).
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10.

Many fouling species are well known taxonomically since

they are common throughout the world.
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CHAPTER

2

INTRODUCTION TO RESEARCH PROGRAM
Several different types of studies have been carried out to
determine the impact of pollution on the marine environment (see
Chapter 1).

Although there are certain advantages and disadvantages

associated with their use, each of these studies has produced
information which has been useful in assessing the effects of
pollution on marine life.
Studies which have been carried out in the field (see
Section 1.4) have been concerned mainly with pollution monitoring.
These studies are of great value because they have employed
techniques (e.g. biochemical indicators, ecological indicators,
diversity indices, population models) which provide a fast and
inexpensive means of assessing the effects of marine pollution.
These techniques have a practical application since they can be
utilised by pollution control authorities in the management and
protection of marine ecosystems.
This research program was undertaken for two main reasons.
Firstly, it was instigated in an attempt to assess the ·e ffects of
pollution from heavy industries on the marine communities in ·
Port Kembla Harbour.

An extensive survey conducted by the

State Pollution Control Commission of New South Wales suggested
that the pollutant levels in this ·harbour were extremely toxic to
marine life (Anon, 1978a).

Secondly, this study was undertaken to

determine the mechanisms by which artificial disturbances such as
pollution affect marine communities.

In general, this aspect of
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pollution research has been neglected by most studies which have
been conducted in the field.
This research program was carried out by determining the
effects of industrial pollution on the development and succession
of marine fouling communities in Port Kembla Harbour .

The

experimental design of the program consisted of quantitatively
comparing the different successional stages of fouling communities
from sites situated within Port Kembla Harbour and Wollongong
Harbour (a small minimally polluted area).

The successional

phases of the sessile connnunities were collected on artificial
substrates which were submerged at
periods of time.

t~

study sites for specified

After submergence the panels were preserved and

censuses were taken of the attached organisms.

By comparing the

temporal change in the distribution and abundance of sessile
species from the experimental (Port Kembla Harbour) and control
(Wollongong Harbour) sites the dual aims of this study were
attained.

It is anticipated that this method may have a practical

application by proving to be suitable for use in the monitoring of
other, polluted marine ecosystems.
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CHAPTER

3

METHODS AND MATERIALS
3.1

Introduction
In this chapter the methods and materials used to

investigate the effects of pollution on the successional processes
of marine fouling cotmnUnities are described.

In addition, the

methods and materials employed in several subsidiary experiments,
carried out in conjunction with the main study, are also summarised.
3.2

Study areas

3.2.l

Port Kembla Harbour
Port Kembla Harbour (Plate 3.1 A.) is situated 72 kilometres

south of Sydney, and is an artificial embayment consisting of an
outer and an inner harbour.

The outer harbour, formed by the

construction of two breakwaters, was completed in 1937.

The inner

harbour was completed in 1960 after the dredging of Tom Thumb Lagoon.
A vast network of heavy· industries surrounds Port Kembla Harbour.
Toxic wastes from these industries have been discharged into the
harbour for approximately 60 years.
The State Pollution Control Conmission of New South Wales has
carried out water quality surveys in Port Kembla Harbour since 1973.
These surveys have shown that the major harbour pollutants are
cyanide, anmonia and phenolic compounds as well as the heavy metals
iron, zinc, lead, copper and cadmium (Anon, 1978a).

By far the

greatest quantity of these toxic wastes is discharged into
Port Kembla

Harbour via AllansCreek {Figure 3.1).

Once discharged

from this outlet they flow towards the entrance of the outer harbour.

Plate 3.1

Aerial view of study areas.

A.

Aerial view of Port Kembla Harbour
and surrounding industrial areas.

B.

Aerial view of Wollongong Harbour
and surrounding residential areas.

74

FIGURE 3.1

Port Kembla Harbour.

A.

Inner Harbour.

B.

Outer Harbour.

c.

All ans Creek.

a.

Roll On-Roll Off (Ro-Ro) berth.

b.

Tug berth.

c.

Oil berth.

+

Water quality survey stations:

~

Survey sites:

____.

mature intertidal communities.

Direction of pollution flow

Scale.

0

State Pollution
Control Conunission.

0.5
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During this movement the effluents become increasingly diluted by
incoming oceanic water.

They are diluted approximately five-fold

by the time they reach the entrance of the outer harbour (Anon,
1978a).

This has resulted in the formation of a pollution gradient

in Port Kembla
entrance.

Harbou~

between Allans Creek and the outer harbour

Since the effluents discharged from Allans Creek are

warm and saline, a large proportion of the harbour water has
become stratified.

Because of the stratified nature of the

harbour the pollutants are predominantly concentrated in the
upper 3-4 metres of warmer water (Anon, 1978a).
The circulation and mixing patterns in Port Kembla Harbour
are complex due to the stratification of the water.

Studies

undertaken by the State Pollution Control Commission have shown
that a two-layer flow system occurs in the harbour.

In this

system a layer of warm polluted water flows (in an easterly
direction) over a colder, more dense layer of water.

This

horizontal movement causes an upward movement of the lower water
layer (entrainment) which is replaced by incoming oceanic water.
Both the direction and rate of flow of water in the harbour are
dependent on the tide.

Dye tracer measurements performed by the

Commission demonstrated that during the ebb tide the rate of flow
of the top water layer was approximately 300-400 metres per hour.
Under flood tide conditions it was found that the incoming oceanic
water decreased the outflow of the surface layer for a considerable
period of time.

This resulted in the formation of a stationary layer

of surface water over most of the outer harbour (Anon, 1978a).
Pollution has greatly affected the abundance and diversity of
much of the aquatic life in Port Kembla Harbour.

In a qualitative
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survey of the harbour (Section 3.9) it was found that the
diversity of intertidal animals decreased dramatically as
pollutant concentrations increased towards the inner harbour.
No marine animals were observed to occur in the intertidal zone
near Allans Creek, and mature fouling communities which occurred
on pylons throughout the harbour were found to be of low species
richness (Appendix 3.1).

The fouling communities of the inner

harbour were found to contain similar numbers of . species as those
in other parts of the harbour, but their ab4ndance was observed
to be lower.
It is likely that a more abundant and diverse assemblage
of organisms exists · in the lower less polluted water layers of
Port Kembla Harbour.

Although few fish have been observed in the

harbour it is thought that they may be able to withstand the toxic
harbour environment by utilising these lower water layers
(Anon, 1978a).

Quantities of dead fish have been found in the

harbour on numerous occasions throughout the last decade.
cause of these fish kills has

The

been largely attributed to the

effects of pollution and/or the effects of ship movement which is
thought to disturb the lower less polluted water layers.

No fish

kills were reported however during the period of this study.
3.2.2

Wollongong Harbour
Wollongong Harbour was chosen as the control area for this

study.

It is located 3 kilometres north of Port Kembla Harbour and .

is used mainly as an anc.h orage site by fishing boats and pleasure
craft (Plate 3.lB).

It is an artificial harbour and was built by

convict labour in 1838.

The harbour consists of an enclosed bay

{Belmore Basin) and a small dock area around which the activities
of the local fishing industry are concentrated (Figure 3.2).

Its

FIGURE 3.2

Wollongong Harbour.

A.

Belmore Basin.

B.

Dock area (fishing boat anchorage).

a.

Initial study site.

b.

Final study site.

*

Survey sites:

0

Lighthouse.

mature intertidal connnunities.

Beach.

Scale

~0------1·0·0------~20~
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A.

{>a
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suitability as a control. was initially assessed using a series of
qualitative measures which were based on personal observations and
random surveys (Section 3.9).
Wollongong Harbour is considered to be minimally polluted.
It supports a wide variety of a:patic life including many different
species of marine plants and animals.
can be seen in Wollongong Harbour.

Little evidence of pollution

Much of the land surrounding the

harbour is composed of residential and parkland areas.

A small

volume of fresh water enters the western side of Belmore Basin from
a creek which flows through these areas.

Discharges from this

creek are thought to have a negligible effect on harbour water
quality since they are small in volume and occur intermittently.
The activities of the fishing industry (the only major
industry in the area) appear to have only minimally affected the
marine life of the harbour.

These effects seem to· be largely

confined to the vicinity of the dock area where the waters are
relatively innnobile and also more turbid.

The most abundant and

diverse marine communities are found in Belmore Basin.

In

particular, a great many species of subtidal and intertidal sessile
animals occur in this area (Appendix 3.1).

The waters of Belmore

Basin are usually clear and appear to be well-mixed with oceanic .
waters.

Water quality surveys undertaken throughout this study

have indicated that the heavy metal content of the waters in
Belmore Basin is generally within the range of concentrations
recorded for normal coastal seawater (Section 7.3).
Although protected from most oceanic disturbances the waters
of Wollongong Harbour are affected by swell waves during storm
conditions.

These waves (up to 0.5 metres in height) create strong
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water currents in Belmore Basin particularly near the harbour
entrance.

This turbulence increases the turbidity of the

waters throughout most of the harbour.

In the long term,

infrequent disturbances such as these are beneficial since they
tend to remove all debris from the harbour and this ensures that
the harbour waters remain clean.
3. 3

Study .sites

3.3.1

Port Kembla Harbour
Three experimental study sites were chosen for Port Kembla

Harbour (Figure 3.1).
1.

Oil berth.

2..

These sites were located at:

Tug berth.

3.

Roll On - Roll Off (Ro-Ro) berth.

These three study sites were selected for several reasons.

First and

most importantly, they are situated along the pollution gradient
previously discussed (Section 3.2.1).

Secondly, the sites are near

three water quality survey stations used by the Stat.e Pollution
Control Connnission (Figure 3.1).

Thirdly, each site is located on

private property and is relatively inaccessible to

~he

public.

Finally, all three sites provide a means of attachment for settling .
cages.
Waters in the vicinity of the three study sites were observed
to be effected to some extent by ship turbulence.

These effects

were considered to be minimal since they were observed to be short
lived and infrequent.

Shipping movements at most sites occurred

on average only every 7-10 days.
3.3.2

Wollongong Harbour
A study site was selected in Wollongong Harbour which was

originally located near the eastern corner of the small, artificial
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island in Belmore Basin (Figure 3.2).

This site was chosen since

it is well-mixed by incoming oceanic waters and is not situated
near the harbour fishing industry.

During the study however, two

settling cages were extensively damaged at this site due to
turbulence caused by rough seas.

For this reason the location of

the site was changed to a more sheltered position in the lee of
the artificial island (Figure 3.2).
3.3.3

Hydrological parameters
Variations in temperature, salinity, light, dissolved

oxygen and pH can greatly affect the distribution and abundance
of fouling organisms (Section 1.6).

As these hydrological

parameters can vary, not only between sites, but also between various
depths within a site, it was recognised that such fluctuations could
. seriously affect the

int~rpretation

of the results of this project.

A preliminary experiment was therefore undertaken prior to
the conu:nencement of the main study to determine the depth at which
these hydrological parameters were similar for all study sites.
During the survey measurements were taken at several depths at each
site.
Salinity and temperature were measured 'in situ', usLng a
Salinity-Temperature Bridge (Hamon, Model 602).

Water turbidity

was recorded at each site using a Secchi disk which had been
constructed according to the specifications given by Tait (1972).
It was used as a measure of the amount of light penetration at
each study site.

Dissolved oxygen and pH were measured in the

laboratory using a dissolved oxygen meter (YSI, Model 57), and a
pH meter (Pye Unicam, Model 292 Mk.2).

The measurements were
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performed on water samples which were collected at the study sites
using a syringe sampler.

This sampler was constructed using the

specifications given by Gibbs (1978).

The main casing of the

sampler was made from Polyvinylchloride (PVC) pipe (56 mm
Dimension - 51 mm Inside Dimension) rather than metal.

Outside

This

design modification was employed to decrease the risk of
contaminating the water samples, particularly those intended for
heavy metal analysis (Section 3.14.1).

Once collected these

samples were kept in low light conditions in sealed polyethylene
buckets.

They were transported back to the laboratory where they

were analysed.

This generally took place some 1-2 hours after the

samples had been collected.

This technique was found to give

similar results to'in .situ' measurements.
The results of the preliminary survey suggested that with
the exception of turbidity the hydrological parameters measured
were similar at all study sites at depths of 3 metres or more.
These parameters were continually monitored at intervals of 2 weeks
throughout the study (Section 4.3).

The results of this survey are

given in Appendix ·4:2.
3.4

Sampling methods:

fouling communities

3.4.1

Preliminary study:

settling cages

A useful way of sampling marine fouling communities is to
collect them on artificial surfaces (settling panels) (Wood and
Allen, 1958).

The settling panels used throughout this study were

made of sandblasted polyvinylchloride (PVC).

This type of settling

surface has been used in many marine fouling experiments with good
results (Wisely, 1959;

Russ,1977;

Moran, 1980).
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Prior to submergence settling cages were constructed to
hold the panels in a fixed position at each study site.

The

design of these cages was developed by conducting a preliminary
study which compared the performances of three different types
of settling cages.

One of these cages was of the slotted box

design connnonly used in marine fouling experiments (Allan, 1980;
Bayliss, 1973;

Schee~

1945).

This cage was constructed from wood

(maple) and was coated with a non-toxic plastic paint.

The

other two cages were of an open design, which was formulated in ·an
attempt to produce a more natural settling environment for fouling
organisms.

Both cages were of the same design but were made from

different materials.

One of the cages was constructed from

stabilised stainless steel rod (6 mm), whilst the other cage was
made from PVC rod
PVC panels

(15 mm).

In this preliminary study 4 sandblasted

(6 mm x 150 mm x 150 nnn) were used in each cage type.

They were fixed vertically in all cages so that both sides of each
panel could be used for settlement (Moran, 1980).

All three

settling cages were submerged for two months in Port Kembla Harbour.
After two months submergence the settling panels and cages were
collected and later examined in the laboratory.
The open design proved to be superior to the box design
because:
(a)

It was observed that the settlement of fouling

organisms was more uniform in the open design cage.

A noticeable

difference in fouling intensity was noted to occur between the
opposite sides of panels in the box design cage.

The solid walls

of this cage were thought to shield the panels from the surrounding
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water currents, thus affecting the settling conditions within the
box (Plate 3.2 A, B, C and D).
(b)

It was found that a far higher proportion of

fouling organisms (notably colonial ascidians and bryozoans) were
damaged when panels were removed from the box design cage.

This

was because the area of panel contacting the cage was much greater
in the box design than the open design.
PVC proved to be the best type of settling cage material.

It

is a light, strong substance which does not leach toxic chemicals
into the water when submerged.

Stabilised stainless steel rod was

found to be unsatisfactory as a cage material because it suffered
serious · corrosion in Port Kembla Harbour.

Wood gave excellent

results as a settling cage material however it was prone to attack
from boring organisms.

3.4.2

Settling cages:

main study

Four identical settling cages were initially constructed for
the main study.

These cages were similar in design to the open cage

system which was tested in the preliminary study (Section 3.4.1).
The design is shown in Figure 3.3.

The main frame of the cage was

constructed from PVC pipes (56 mm O.D. - 51 mm I.D.) which were
held together using 12.5 mm PVC bolts (15 mm) and brass nuts
(~"Whitworth).

For added strength PVC solvent cement was applied

to each pipe joint.

The solid horizontal and vertical bars in the

frame were made from 15 mm PVC rod and they were held together
using solvent cement as well as brass nuts and bolts ·(S/32").
The ends of each crossbar were machined and threaded.
hole was drilled in the centre of each settling panel.

A 13 mm
A total of

32 sandblasted PVC panels (6 mm x 150 mm x 150 mm) were attached to

Difference in the fouling intensity
between the opposite sides of panels
from 'slotted box' and. 'open' design
settling cages.

Plate 3.2

A.

Side l ·
'

slotted box design.

B.

Side 2.
'

slotted box design.

c.

Side l ·
'

open cage design.

D.

Side 2·
'

open cage design.

A

B
I

:C
I

D
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FIGURE 3.3

Settling cage design:

Panel positions;

main study.

successional sequence.

1

2 weeks submergence.

2

5 weeks submergence.

3

2 months submergence.

4

3 months submergence.

5

6 months submergence.

6

9 months submergence.

7

12 months submergence.

8

>12 months submergence.
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the crossbars in each cage.

A brass nut

(~"

Whitworth) was

screwed tightly onto the outside of each panel to keep it in
position.

Prior to submergence all settling panels were cleaned

with 70% alcohol.
In August (Winter) 1979, the settling cages were submerged
to a depth of 3 metres (from Mean Water Level:
study sites.

l.Om) at the four

The cages were submerged to this depth as water quality

surveys in Port Kembla Harbour had previously shown that the top
3-4 metres of water was heavily polluted (Section 3.2.1).

Further-

more, preliminary hydrological surveys had indicated that
hydrological parameters were similar for all the study sites at this
depth.
The cage at each study site in Port Kembla Harbour was held
in position by a stainless steel cable (Figure 3.4).

This steel

cable (5 mm diameter) passed through the centre cross pipes of each
cage (Figure 3.3).

It was attached at the top to a jetty cross-

beam and at the bottom to a 35 kilogram block of concrete.

Each

cage rested on a rope grip which was attached to the cable.

The

rope grip held the cages at the required depth and prevented them
from sliding down the cable to the harbour bottom.

In order to

collect panels the cages were pulled up using a specially designed
steel hook.

This design was used to overcome the problem of

vandalism which had been experienced during the preliminary
experiments.
A different method was used to submerge the settling cage in
Wollongong Harbour.

'Since this harbour is much shallower than

Port Kembla Harb.our the cage was designed to sit on a stand on the

FIGURE 3.4

Attachment of cages, Port Kembla Harbour.

a.

Settling cage.

b.

Rope grip (titanium plated).

c.

Stainless steel rope (6 mm).

d.

Concrete block.

e.

Jetty pylon and crossbeam.
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harbour bottom (Plate 3.3).

The stand was attached to the bottom

by metal stakes and was heavily weighted with concrete blocks.
The panels were removed from the cage using SCUBA equipment.
Once panels had been collected from the cages they were
numbered and were transported back to the laboratory in sealed
polyethylene buckets containing seawater.

In the laboratory the

panels were lightly washed in fresh water and then preserved in
a solution of 10% formalin.
The development and succession of fouling communities was
studied by collecting four panels from each cage in a time
sequence:
2 wks. - 5 wks. - 2 mths. - 3 mths. - 6 mths. - 9 mths. - 12 mths

- ( > 12 mths . )
Thus the 32 panels in each cage comprised 7 treatments, with 4
replicates {panels) per treatment.

All 32 panels were initially

submerged at each study site (time zero).

Two weeks after sub-

mergence four panels (taken from the same cage position;
were collected from each cage.

This procedure was repeated at each

time indicated· in the sequence shown above.
designated as

Figure 3.3)

The four panels

>12 months in the time sequence were used as spare

panels to replace those that were damaged or lost during the study.
These panels were immersed for 15 months in the winter cages of
Port Kembla Harbour (Section 4.1).

The panel collection times

utilised in this study were similar to those employed by
Russ (1977).

Panels were submerged for a maximum of 12 months since

the most dynamic changes in community development and succession
take place within this time period.

The main colonisation processes
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Plate 3.3

The settling cage and stand used at the
study site in Wollongong Harbour.
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on settlement panels are generally completed within one year of
submergence (Perkins, 1974;

Saenger et. al., 1979).

The panels

were initially collected at shorter time intervals since changes
in communities occur most rapidly in the early stages of any
succession (Williams et. al., 1969).
While panels were being collected from the submerged winter
cages, a further series of 4 settling cages of the same design
were constructed.

These cages were immersed at the study sites

in December (Summer) 1979.

The panel collection times used for

the winter cages were also adopted for these summer cages.
3.5

Sampling of panel communities
A total of 244 panels were collected during the study

(Appendix 3.2).

Prior to performing a census of the attached

fouling communities each panel was placed in a tray of fresh water.
A grid (14 cm x 14 cm) which was divided into nine equal quadrats
was positioned over the top of the panel.

Areas within 0.5 cm

of the panel perimeter were not included in these quadrats in
order to reduce edge effects.

The census was performed, using a

stereo microscope (Olympus, Model SZ), by recording the presence
or absence of each species for each of the nine quadrats.

Only

sessile (attached) animals (see Section 1.6) were recorded during
this census.
panel.

This procedure was repeated for the other side of the

The results for both sides (in binary form) were collated

to yield a frequency of occurrence (from 0-18) for each species
over the entire panel.
Seventy-nine marine fouling animals were initially recorded
during the census.

Eleven rare species (occurring less than

3 times in the entire collection) were eliminated from the data array

92

as it was felt that they would contribute very little in the later
analyses.

Therefore a total of 68 species were recorded for the

entire study (Appendix 3.3).
During the census a species reference list was formulated
which noted the major taxonomic features of each new adult fouling
organism (Appendix 3.3).
species.

These features were used to identify each

Fouling organisms which were identified as being

different were recorded in the list and were given taxonomic names
where possible.

The reference list ensured that the identification

of species was carried out using a standardised procedure.

Since

fouling organisms were identified solely on the basis of adult
characteristics, settled larval species were not recorded during the
census.
3.6

Methods of analysis
Pattern analysis techniques which include multivariate

classification and ordination were employed as the main analytical
tools in this study.

These mathematical techniques were used since

they are capable of extracting meaningful information from a complex
assortment of data (Williams, 1976).

Furthermore, they can be used

to objectively evaluate differences in species composition along
spatial and temporal gradients (Pearson and Rosenberg, 1978);

Green

and Vascotto (1978) have reconnnended that classification (cluster)
analysis be used for studying the effects of environmental variables.
They have further suggested that this method has direct application
to pollution studi.e s.

Multivariate classification and ordination

have been employed in many different types of synecological studies
(Stephenson, 1973).

In addition, they have also been successfully
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used in many marine fouling experiments (Moore, 1973, 1974;
Moran, 1980;

Saenger et. al., 1979;

Soule . et. al., 1975).

Pattern analysis techniques enable the investigator to
observe the overall pattern in an ecological system by producing an
'intermediate' (comprehensible) level of information which is based
on the analysis of all the attributes (species) measured.

A

statistical analysis of successional (sequential) data with a view
to elucidating spatial and temporal patterns is possible
(Bartlett, 1960).

However such a classical mathematical approach

is only practical when the number of species in the data set is
small (Williams et. al., 1969).

Consequently a statistical

approach was not adopted as the main method of analysis in this
study.

Time series analysis was not used to detect temporal

pattern in the data array as there was no 'a priori' reason to
assume that the data would correspond to a particular mathematical
model.
During this study the data were collected in order to use
pattern analysis techniques.

Several different types of data can

be utilised in the classification of ecological systems.

Therefore

a preliminary study was initiated which sought to determine the most
appropriate form of data for use in classifications involving
marine fouling communities.

This was carried out by comparing both

the costs (in time) and the benefits (in terms of information gained)
derived from the classification of different data types

(numerical

100%, numerical 56%, frequency and binary) using replicated sampling
(Moran, 1981;

Appendix 3.4).

The results of the study suggested

that frequency data be employed in the classification of sessile
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invertebrate communities in preference to numerical data because:
(1)

less time is required to take a census of samples if

frequency data is collected.

Therefore more samples can be taken

if this form of data is used.
(2)

frequency data contain no less intrinsic information

than do numerical data.
(3)

frequency data are most able to cope with the practical

problems associated with taking a census of colonial or solitary
invertebrate species.
As a result of these investigations frequency data were collected
when undertaking a census of the fouling communities during this
study (Section 3.5).

Frequency data has also been successfully

used in several other quantitative studies of marine fouling
communities (Grovhoug, 1979;

Grovhoug and Rastetter, 1980;

Lewis, 198la; Rastetter and Cooke, 197.9).
3.7

Analysis of data

3.7.1

Introduction: analysis of three-dimensional data
The final data array was three-dimensional consisting of

4 (sites) x 14 (sampling times i.e. 7 sample times x 2 sampling
periods;

winter 'start'~

surmner 'start')

x 68

(species).

The

problem arises of how to analyse this data array sin.c e it contains
a sequential (temporal) component.

Often the true pattern in a

sequence may be masked by random fluctuations in the data.

This

can lead to the occurrence of ecologically meaningless groupings
in a classification.
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There are several ways, however, of approaching this
problem.

If the matrix consists of a (sites) x b (times) x

c (species) then one method is to analyse the (a x c) matrices
separately for each time and compare the results.

This technique

is suitable in general if ordination procedures are involved,
however there is no satisfactory way known of comparing
classifications (Williams and Stephenson, 1973).

A second method

is to treat the matrix as a two-dimensional system (ab x c) and
determine whether the discontinuities produced by a classification
reflect primarily spatial or temporal differences.

This method

can be further extended to analyse sequential data by regarding
each site as a transitional matrix of order n.

If each

site/time in a classification is assigned to one of a small
number of groups (n), then each site can be expressed in terms of
the sequence of ' groups into which it fell throughout the time
period studied (for examples of this method, see Dale et. aL, 1970;
Williams et. al., 1969;

Young, 1978).

A further method used to

classify three-dimensional data is described by Williams and
Stephenson (i973).

They suggest partitioning the data matrix into

two dimensions (either a x c or b x c) and then using measures of
dissimilarity based on an analysis of variance model.

This method

was not used in the present study since the variance measures of
dissimilarity are sensitive to the type of data transformation
employed and give suboptimal species groupings (Stephenson et. al.,
1976).
A series of numerical analyses were carried out on the data
in this study.

The data matrix when classified was regarded as a
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two-dimensional system (ab x c).

This method was found to give

meaningful results in the analysis of successional data from
rainforest connnunities (Williams et. al., 1969).

Several other

mathematical analyses were performed on the entire data set in
conjunction with the classification.
All the

a~alyses

described in the following sections were

carried out on the CSIRONET computing system.

Prior to the

analyses, the data were prepared in machine readable form.
3.7.2

Analysis of total data array
The total data array (see Appendix 3.2) was initially analysed

using multivariate classification.

Prior to the analysis several

changes were made to the data matrix.

Data from 2 weeks submergence

panels of the winter 'start' sampling period were eliminated from
the matrix as they contained all-zero entries.

Similarly, 2 replicate

panels submerged for 2 weeks in Wollongong Harbour during the
sunnner 'start' sampling period were eliminated from the matrix as they
too contained all-zero entries. Additional replicate data were
included in the classification.

This consisted of data from panels

submerged for 15 months at the three study sites in Port Kembla
Harbour (Appendix 3.2).

In addition, data from the initial winter

control panels (a), were also included in the classification to
quantitatively compare the early successional phases of both the
'initial' and 'final' winter controls (Appendix 3.2; Section 4.1).
Most site/times in the data matrix were represented by four
replicates.
The total data array was classified using the agglomerative
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polythetic program CENPERC (Milne, 1976;

Williams, 1973).

This

program provides an information-statistic classification of
frequency data.

The algorithm used in the classification treated

the frequencies of all the attributes (species) as various states
in a single multistate variable.

A diagnostic program GROUPER

(Lance et. al., 1968) was also run in conjunction with the
classification.

This program calculates at each specified fusion

the contribution and mean occurrence of each attribute.
An ordination of the entire data matrix was carried out using
the program GOWER (Gower, 1966).

This analytical method performs a

principal co-ordinate analysis of the data.

A description of this

technique and its relationship to the more common ordination method,
principal components analysis, is given by Young (1981).

A

diagnostic program GOWECOR (Lance et. al., 1968) was also carried
out in conjunction with the ordination.

GOWECOR correlates each of

the original attributes against each of the vectors produced by
GOWER.
All pattern analysis techniques were performed using

progr~ms

available from the TAXON package on the CSIRONET computing system.
Two statistical analyses were also carried out using the
total data array.

Several groups of replicate data were removed

from the data set before the commencement of these analyses.

These

data consisted of replicates of 2 weeks submergence (summer 'start'
sampling period), 15 months submergence (winter 'start' sampiing
period) and all replicates from the initial control cage (a)
in Wollongong Harbour (Appendix 3.2).

The resulting data array

contained 4 (sites) x (12 sampling times:

i.e. 5 weeks to 12 months
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submergence for each sampling period) x 68 (species).
replicates were missing from the entire data array.

Only two
The attribute

(species) data for each replicate were grouped into seven animal
types;

ascidians, barnacles, bivalves, bryozoans, hydroids,

polychaetes and sponges .
animal type.

A group score was calculated for each

This was carried out by dividing the total group

frequency by the number of species recorded for the group over the
entire data matrix.

Anemones were not included in the analysis as

they occurred very infrequently in the data array.

A three-way

analysis of variance comparing sites, seasons (i.e. the season in
which the sampling period was started) and times within seasons
was carried out for each animal group.

In this analysis the

variable of time, which is a nested factor, is considered as
successional time and not real time. ·
In the second statistical test a three-way analysis of
variance comparing sites, seasons and times within seasons was
performed on the species richness for each site/time used in the
previous analysis.

A square root transformation was applied to the

data prior to the analysis.

This technique is used to equalise the

variance in data associated with counts.

Such data tend to be

Poisson distributed (Snedecor and Cochran, 1980).

In testing the

significance of the mean/variance ratio the second order interaction
mean square term;

i.e. sites x (times with seasons) was employed.

This term is commonly used since it is assumed that it has no
systematic components and can thus reliably measure random
variation (Sokal and Rohlf, 1969).
The statistical analyses described above were carried out
using the computor programs availabie from the GENSTAT package
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(Rothamsted Experimental Station) on the CSIRONET computing
system.
3.8

Current studies:

Port Kembla Harbour

The water circulation patterns in Port Kembla Harbour were
investigated by following the movement of submerged plastic
bottles.

These bottles were filled with small plastic beads so

that they were just negatively buoyant.

Each bottle was weighted

so that its rate of descent in a column of normal seawater was
apprqximately 1 cm/sec.

The bottles were held at a constant depth

since they were attached by fishing line (light gauge) to a small
cork floating on the surface of the water.

Observations during a

trial experiment indicated that this cork appeared to of fer minimal
resistance to the movement of the submerged bottle.

All corks were

coated with a brightly coloured marine paint so that they could be
easily located.

The bottles could be submerged to any depth required,

by simply changing the length of the fishing line.
Current studies were undertaken on two separate occasions
in the harbour.

The bottles were submerged to a depth of

3 metres and were released at different times throughout the tidal
cycle.

A buoy was used to mark the site at which each bottle was

released.

Once released, the bottles were allowed to drift for

approximately 1 hour, after which time their positions were
recorded and they were collected.
3.9

Sampling methods:

mature intertidal and fouling communities

3.9.1

Intertidal communities
A series of qualitative surveys were carried out at several

sites within Port Kembla Harbour and Wollongong Harbour
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(Figures 3.1 and 3.2).

The intertidal areas at each site were

visually inspected (at low tide) and a collection was made of the
different intertidal species observed.

All species were taken back

to the laboratory, preserved and later identified.
3.9.2

Fouling communities
A cylindrical scraper was used to sample the subtidal

conmunities present on pylons at the three main study sites in
Port Kembla Harbour (Oil berth, Tug berth, Ro-Ro berth).

This

sampling program could not be undertaken using SCUBA equipment
since the waters in the harbour were toxic and highly turbid.
The scraper consisted of a steel cylinder (diameter 80 mm;
length 190 mm) attached to a handle 4 metres in length.

The top of

the cylinder was altered to form a scraping surface and the bottom
of the cylinder was covered with wire mesh (1.5 mm x 1.5 mm).

It

was submerged to a depth of 3 metres and was then pulled vertically
up the side of the pylon removing the attached organisms.

Animals

scraped from the pylon fell into the cylinder and were collected by
the wire mesh.
site.

This procedure was performed several times at each

The organisms collected, were preserved and identified.
In Wollongong Harbour, mature fouling communities were

sampled using SCUBA

equip~ent.

Several pieces of rock bearing these

communities were collected from the walls of the small artificial
island (Figure 3.2).
in the laboratory.

3.10

The attached animals were removed from the rocks
They were then preserved and later identified.

Macroalgae
A settling panel from each study site was used to determine
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macroalgal diversity.

Each panel had been submerged for 3 months

during winter (July - September).

Both sides of a panel were

sampled by recording the number of species present in four
randomly positioned 2 cm x 2 cm quadrats.

Specimens were taken of

all species recorded.
3.11

Growth rate experiments:

Hydroides elegans

3.11.1 Non-competitive
In January 1980, two settling panels were attached to the
summer cages in Wollongong Harbour and the Oil berth (Port Kembla
Harbour).

These panels were initially allowed to accumulate

sessile species.

The sites were visited each week to note the

progress of this panel development.

During this time the serpulid

Hydroides elegans was observed to occur frequently on both panels
at each study site.

After being submerged for 1 month all attached

species were removed from the panels at each site except for

5 individuals of_!!. elegans.

After the panels were cleared the

length of the calcareous tube of each serpulid was measured.

These

measurements were continued at fortnightly intervals for a total of
6 weeks.

During each sampling period the areas surrounding each

worm were cleared of all newly settled organisms.
3.11.2 Competitive
Competitive growth rates were determined for Hydroides elegans
using the preserved panel communities from the main study {Section
3.4.2).

They were determined by comparing the difference between

the mean tubelengths of &clroides elegans from consecutive
successional panels.
three study sites;
berth.

Four summer panels were chosen for each of
Wollongong Harbour, Oil berth and the Ro-Ro

Two panels of 2 weeks submergence and 2 panels of 5 weeks
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submergence were chosen for both the Oil berth and the Ro-Ro berth.
The four panels chosen for Wollongong Harbour consisted of 2 panels
of 5 weeks submergence and 2 panels of .2 months submergence.

Two

week submergence panels were not chosen for this site since the
serpulids on them were too small to be measured.

Hyroides elegans

occurred frequently on all the panels chosen for this study.

The

tubelengths of the ten largest serpulids on each panel were
measured.

A total of 20 serpulids were thus recorded for each

submergence time.

The 20 tubelengths recorded were totalled and a

mean tubelength for Hydroides elegans was calculated for each
submergence time.

Mean growth rates (in nnn/wk) were determined by

subtracting the mean tubelength for the shorter submergence time
from the mean tubelength for the longer submergence time.
3.12

Biomass studies

3.12.1 Bacterial experiment
A series of four bacterial surveys were carried out to
determine the number of viable bacteria at each of the sites used
in the major study
Ro-Ro berth).

(Wollongong Harbour, Oil berth, Tug berth,

The methods employed for these surveys are

described below.
Duplicate samples of seawater (60 mls) taken at 1 m and 3 m
depths were collected from all the study sites.

Samples were

obtained using the syringe sampler previously mentioned (Section 3 . 3.3).
Prior to collecting these water samples the syringes were rinsed
several times with 90% ethyl alcohol.

After the samples were

collected they were taken back to the laboratory where they were
inmediately

'processed~.

Standard pour plate methods using a sample
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dilution of 10-

2

(in sterilised seawater) were used to culture

the microorganisms (Collins, 1967).

A sterilised seawater yeast

peptone agar modified from that used by Hendrie et. al. (1970),
was used as the culture media (Appendix 3.5).

Triplicate cultures

were employed for all samples and they were incubated at a
temperature of 20°C.

The number of viable bacteria were initially

counted after 3 days incubation.

A final count of the number of

colonies on each plate was made after 4 weeks.
During 3 of the above surveys a small volume of each diluted
sample was used to test for the presence of coliform bacteria.
One millilitre of each sample was transferred to a sterile petri
dish.

The bacteria were cultured on MacConkey agar No.3

(Anon, 1979b) using pour plate methods.
for all samples.

Duplicate cultures were used

The plates were incubated for 24 hours at a

temperature of 37°C.

After this time, the numbers of lactose

fermenting colonies on each plate were recorded.
A single test was carried out to determine whether the
bacterium Escherichia coli was present at each study site.

During .

one of the bacterial surveys 25 mls of e.a ch sample was innoculated
into separate Durham tubes which contained 25 mls of double
strength MacConkey broth (purple) (Anon, 1979 b) All samples were
incubated for 48 hours at 44°C.

After 48 hours the tubes were

examined for acid and gas production.
3.12.2 Chlorophyll a determination experiment
The concentration of chlorophyll a at each of the four study
sites (Wollongong Harbour, Oil berth, Tub berth, Ro-Ro berth) was
determined spectrophotometrically.

The waters at each site were
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sampled on four occasions at the beginning of a high tide and a
low tide, on two separate days during winter.

The seawater

samples were taken at a depth of 3 metres using a Van Dorn water
sampler (Research Instrument Manufacturing Company).
5 litres of seawater were collected at each site.
2.5 litres of each sample were filtered.

Approximately

In the laboratory

The filtering

techniques used were similar to those described by Strickland and
Parsons (1972).

Each sample was initially filtered through a

small piece of clean 0.3 mm mesh cheesecloth to remove any large
zooplankton.

The phytoplankton were then filtered onto 47 mm

Millipore A.A. filters.
sample.

Two filters were used for each 2.5 litre

Approximately 0.2 mls of magnesium carbonate suspension

were added to the final volume of each sample being filtered.

All

filters were drained thoroughly before being removed from the
filtration equipment.

During the extraction procedure the two

filters from each sample were placed in a plastic stoppered
centrifuge tube containing 10 mls of 100% acetone.

Jeffrey (1974)

recommended that this solvent be used when extracting chlorophylls
from phytoplankton samples.

The contents of each tube were mixed

several times on a tube buzzer and left overnight in complete
darkness in a refrigerator.

After about 20 hours the samples were

again shaken and then centrifuged for 15 minutes at 10,000 r.p.m.
(Sorvall RC-SBC).

The resulting supernatants were then transferred

to 5 cm cuvettes and the extinction of each solution (at 7500 ,
0

6640, 6470 and 6300 A) was measured against a cell containing 100%
acetone (Zeiss spectrophotometer, Model M4Q3).
The concentration of chlorophyll a in each sample was
calculated using the corrected spectrophotometric equation
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developed by Jeffrey and Humphrey (1975).
3.12.3 ATP experiment
Adenosine - 5' - triphosphate (ATP) was used as a measure of
the amount of living microbial biomass at the four major study sites.
A comprehensive review of ATP analysis is given by Bulleid (1977).
Also described in this paper are the methods of ATP extraction and
analysis used in this study.

Four seawater samples were collected

from each site during the main study.

As in the previous

experiment (Section 3.12.2) the samples were taken at the
beginning of a high tide and a low tide on two separate days.

The

seawater samples were taken at a depth of 3 metres using a syringe
sampler (Section 3.3.3).
collected from each site.

Approximately 1 litre of seawater was
When collected, the samples were stored

in sealed plastic containers and transported back to the laboratory.
During this period they were kept in low light conditions in order
to avoid any extremes of light or temperature.
The samples were extracted in the laboratory as soon after
sampling as possible.

A detailed description of the extraction

methods are given by Bulleid (1977).

During the extraction

procedure glass fibre filters (Whatman GF/A) were used for the
main filtration process and the volume of water filtered per sample
was 250 millilitres.

All water samples were extracted in

duplicate

and prior to the analysis 150µ1 of Tris buffer and 0.2 ml of
enzyme were added to 50 pl of sample extract.

The ATP concentrations

were determined using an ATP photometer (SAI Technology).
3.13

Larval toxicity experiments
These experiments attempted to determine the effect of

Port Kembla Harbour seawater on the settlement of several different
fouling species found to occurmainlyin Wollongong Harbour (the
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control area).

The following larval tests were carried out at the

Division of Fisheries, C.S.I.R.o., Cronulla, which had laboratories
equipped with running seawater.
Ripe adults of several fouling species;Bugula avicularia,
Bugula neritina, Watersipora cucullata, Tricellaria sp. and
Galeolaria caespitosa were collected from buoys and jetty pylons in
close proximity to the laboratory (Gunnamatta Bay, Port Hacking;
Rose Bay, Sydney Harbour).

These species were selected for

testing because most of them have non-feeding larval forms and
can be easily reared in the laboratory (Section 1.6).

The

fouling species when collected were sorted, washed and then placed
in separate glass aquaria which were fitted with black plastic
covers and provided with running seawater (from Port Hacking).
They were left in complete darkness for at least 24 hours.

When the

larvae of a particular species were to be tested the seawater flow
was turned off and the black plastic cover on the front of the tank
was removed.

The adults were stimulated to release larvae by

shining a light into the tank.

Sufficient numbers of larvae were

usually released after 30 minutes.

The front cover was then replaced

and the positively phototropic larvae were collected by subsequently
illuminating a small area of the water surface.
into a small dish containing seawater.

They were pipetted

When all the larvae had been

collected they were pipetted into large petri dishes (diameter:
140 nm) fitted with black plastic covers, each

containing ~ 1so

mls

of seawater and a sandblasted PVC panel (80 mm x 80 nm x 80 nm).
These panels had been soaked overnight in running seawater in an
attempt to enhance larval settlement.

A method similar to this was

107
employed by Wisely (1958a).

There is evidence that filmed

surfaces are more favourable to settlement than newly cleaned
surfaces (Section 1.6).
Approximately equal numbers of larvae were pipetted into
each dish and the total amount of normal seawater pipetted with
the larvae was about 2 - 5 mls.
used for each experiment.

A total of 6 petri dishes were

Four of these dishes contained

contaminated seawater from Port Kembla Harbour and the remaining
dishes were filled with normal seawater from Port Hacking.

During

each experiment two of the contaminated seawater dishes were used
as internal controls since it was recognised that larval
settlement could be affected by factors other than the pollutants
in the seawater:

e.g. dissolved oxygen.

Larvae fran the bryozoan

Bugula avicularia, a species known to occur abundantly in Port
Kembla Harbour, were introduced into each internal control dish.
It was assumed that the larval settlement of this species would
not be affected by the pollutants in the contaminated seawater
dishes but would be affected by changes in any other factors.
Consequently,

~·

avicularia was used in each experiment to ensure

that changes in larval settlement in the contaminated seawater
dishes were due solely to the effects of pollution.

Once the larvae

had been pipetted, the dishes were covered and left to stand in
complete darkness for 6 hours (Wisely, 1963a).

At the end of this

period the numbers of attached larvae were recorded for each dish.
The methods described above were employed for all larval
species except Q. caespitosa.

The larvae of this species feed while

undergoing metamorphosis and therefore need to be reared to the
settling stage (Wisely, 1958b;

Wisely and Blick, 1967).

This
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procedure may take some 8 - 10 days and can be an involved process
(Wisely, pers. corran.).

Therefore the effects of Port Kembla Harbour

water were studied in terms of the larval development of
Galeolaria caespitosa and not its larval settlement.

A detailed

description of the development and metamorphosis of this serpulid
is given by Marsden and Anderson (1981).
The tubes of adults were broken open and males and females
were placed in separate petri dishes containing seawater.

When

removed from their tubes the worms released eggs and sperm into the
seawater.

Approximately 2 mls of egg solution was pipetted into

each of two petri dishes containing 200 mls of seawater.

One of

these dishes contained normal seawater the other was filled with
seawater from Port Kembla Harbour.

A small amount of sperm

solution (1 ml) was added to each dish.
with black plastic and left overnight.

The dishes were covered
After 24 hours they were

examined to determine whether larval development had taken place.
An internal control (using

~·

avicularia) was also employed in

this experiment.
The hydrological properties (temperature, salinity, pH,
and dissolved oxygen} of the two .different seawater types were
recorded during each experiment (Section 3.3.3).

A 30 ml sample

of each seawater type was also collected during the experiments.
These samples were stored in clean plastic vials and later analysed
for heavy metals (Section ·3.14).

The Port Kembla Harbour water was

collected from the Ro-Ro berth (Section 3.3.1) prior to each
experiment.

The water was taken from a depth of 3 metres using a

Van Dorn .water sampler (Research Instrument Manufacturing Company).
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Approximately 5 litres of seawater were collected at each sampling
time.

The seawater was transported to the laboratory in a sealed

polyethylene bucket covered with black plastic.

The experiments

were started generally 3 hours after the seawater had been
collected.
3.14

Heavy metal analyses

3.14.1 Collection of water samples
Water samples from the four main study sites (Section 3.3.1,
Section 3.3.2) were collected using a syringe sampler.

They were

taken at 1 metre and 3 metre depths at each study site on 9
occasions throughout the main study.

Prior to collecting the

samples the syringes were washed in 10% Decon 90 solution and rinsed
several times with double distilled water.

The samples were transferred

to plastic stoppered tubes in the laboratory where they were kept
froz .e n at -15°C until analysed.
3.14.2 Analysis of samples
Heavy metal analyses of the water samples (study sites, larval
toxicity experiments) were performed using both carbon furnace and
flame atomic absorbtion spectrophotometry.
iron, zinc, lead, copper and cadmium.

The metals measured were

Zinc (seawater samples) was

measured using an air acetylene flame (G.B.C. Model SB 900) whereas
all other metals were determined using a carbon furnace
(G.B.C. Model GF 900).

The total concentration of each metal was

determined during the analyses.

All readings were corrected for

non-atomic absorption using a hydrogen continuum lamp.
The standards for each analysis were prepared using standard
salt solutions (BDH laboratory reagents) which were diluted to the
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desired concentrations using double distilled water.

Glassware and

polyethylene containers used in the analyses were kept thoroughly
clean and were washed in 10% Decon 90 solution and rinsed with
concentrated nitric acid followed by double distilled water.

All

chemicals used during the analyses were A.R. grade except for the
II

Cl

concentrated nitric acid which was of supra pure grade.
3.15

Panel transference experiment
In this experiment 'mature' panel communities were

transferred between control and experimental study sites.

Four

settling panels were submerged for 2 months at both Wollongong
Harbour and the Tug berth.

The panels were attached to the

settling cages used for the main study.

The most polluted study

site in Port Kembla Harbour (Ro-Ro berth) was not used in this
experiment since the cages at this site had been damaged at the
end of the main study.

After 2 months immersion, 2 panels from

Wollongong Harbour were exchanged with 2 panels from the Tug berth.
The remaining 2 panels at each site which were not transferred
were used as control panels for the experiment.

During the

transference, panels were transported between the sites in sealed
plastic buckets containing seawater.

This took approximately

45 minutes and the panels were kept separated during transit.

Once

transferred the panels were submerged for a further 2 months after
which time they were collected, transported back to the laboratory
and preserved.

The control panels were also collected and preserved

at this time.
A census of the panels was carried out using the method
described in Section 3.5.

The presences and absences for each
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quadrat were collated for each panel side rather than for an
entire panel, thereby producing 8 replicates per treatment.
Therefore the possible frequency range for each species was from
O - 9 instead of 0 - 18.

This data were classified using the

program CENPERC and a diagnostic of the classification was
performed using the program GROUPER (Section 3.7).
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CHAPTER 4

THE ESTABLISHMENT, DEVELOPMENT AND SUCCESSION OF FOULING COMMUNITIES
AT THE STUDY SITES IN PORT KEMBLA HARBOUR AND WOLLONGONG HARBOUR

4.1

Introduction
In theory, it has been suggested that pollution affects the

structure of a community by eliminating the sensitive species from an
environment.

Under conditions of moderate pollution the remaining

tolerant species may increase in abundance by assuming the positions
in the community which were once occupied by the non-tolerant
organisms (Reish, 1972).

This concept has been utilised by a variety

of field studies which have sought to assess the effects of pollution.
In general, studies which have employed community diversity indices
have presupposed that the number of species in a community decreases
due to the effects of pollution.

Similarly, the presence or absence

of an ecological indicator in a community is of ten attributed to
pollutant effects.

The theoretical concept underlying the use of

these methods however gives a very simplified view of the way in
which pollution alters communities.
Indeed, the observed changes in a community may not be
directly due to the effects of pollution, but rather may be due to
factors such as competition and predation which are also important
in structuring communities.

Rastetter and Cooke(l979) found that

competition was an important factor in determining the diversity of
fouling communities in waters contaminated by sewage wastes.

This

result was attained by following the succession of fouling communities
in organically enriched waters.

Studies which have utilised
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developmental processes such as ecological succession have been
able to elucidate some of the mechanisms which are responsible
for producing changes in the structure of communities (Section 1.5).
This study attempts to determine how the development of
marine fouling communities, starting with a clean artificial substrate,
changes in relation to the industrial pollution of Port Kembla
Harbour.

The effects of pollution on community development and

succession were determined by comparing quantitatively the temporal
change in the frequency of occurrence of fouling species in
Port Kembla Harbour with the temporal change in the frequency of
occurrence of fouling species in Wollongong Harbour,. which is a
relatively unpolluted area.
Experiments which have investigated the effects of
pollution in the field have often demonstrated that the diversity
within communities along a pollution gradient increases with
decreasing pollutant concentrations (Pearson and Rosenberg, 1978).
Three study sites, situated along a pollution gradient, were chosen
in Port Kembla Harbour.

These sites were selected to discover if

the succession of fouling communities is influenced by different
concentrations of the same pollutants.
Many studies have shown that the initial development of
fouling communities is highly variable and depends on the season
during which the substrate is first submerged (e.g. Dean and Hurd,
1980;

Mook, 1981;

Sutherland and Karlson, 1977).

Consequently

two series of artificial substrates (panels) were employed at
each study site (Section 3.4.2).

One set of panels was submerged
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at the beginning of sununer (sununer 'start') and the other set of
panels was immersed midway through winter (winter 'start').

This

was carried out in an attempt to determine whether or not the
pollution in Port Kembla Harbour would affect the seasonal
differences known to occur in the initial development of fouling
communities.
During December 1979, a severe storm destroyed both the
summer and winter 'start' series of panels in Wollongong Harbour.
Since the summer panel series had only just been submerged when
the storm occurred they were quickly replaced by a second set of
panels.

These substrates were submerged at a more protected

location in Wollongong Harbour (Section 3.3.2), approximately 4 weeks
after the start of the original sununer pane.l series.

Consequently

the summer 'start' series of panels from Wollongong Harbour which
were used in this study were out of phase with the summer 'start'
series in Port Kembla Harbour by a period of 4 weeks (Figure 4.1).
It was felt that this difference of 4 weeks would not seriously
affect the results of this study.
Prior to the occurrence of the storm, communities up to
3 months in development had been collected from the panels first
submerged in winter in Wollongong Harbour.

This series of panels

could not be replaced after the storm since this would have meant
that they would have been out of phase with the other winter 'start'
series of panels in Port Kembla Harbour by a period of at least
6 months.

The entire experiment could have been repeated in the

winter of the following year by submerging a new series of panels
at each study site, however, this was not attempted due to constraints
of time and funding.

Thus it was decided to submerge a new set of

FIGURE 4.1

Duration of sampling periods at each site.

Winter 'start' panel series.

Sununer 'start' panel series.

Panels destroyed by storm.
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panels in the following year (1980), only at Wollongong Harbour.
This series of panels therefore, was run one year behind the
other winter 'start' series in Port Kembla Harbour (Figure 4.1).
It was realised that this would introduce further variability
into the data, however, by comparing the initial development of
conmlunities (up to 3 months submergence) on panels from
consecutive years at Wollongong Harbour, the differences in
development between the original control conmlunities and those
adopted in this study were evaluated.

Only 4 of the settling

panels submerged in Port Kembla Harbour were destroyed during this
study.

These panels were first submerged in winter at the Ro-Ro

berth and were lost towards the end of the experiment.

A record

of the panels lost during the study is given in Appendix 3.2.
The inner harbour of Port Kembla was dredged from the
31st of January,

l~O

to the 2nd July, 1980, while this study was

being carried out ("Anon; l978b} It was anticipated that this work
may affect the development of the fouling conmlunities at the three
study sites by increasing the turbidity of the harbour waters.
The effects of dredging were investigated by monitoring changes in
the development of the mature conmlunities after the dredging had
finished.

This was achieved by extending the maximum period of

submergence of the winter 'start' panel series in Port Kembla
Harbour to 15 months (Figure 4.1).
4.2

Results

4.2.1.

Species.. Richness
A total of 68 species were recorded for the study
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(Table 4.1).

Fifty-three species were recorded at Wollongong

Harbour whilst in Port Kembla Harbour 35 species were found at the
Oil berth, 33 species were recorded at the Tug berth, and a total
of 30 species were found at the Ro-Ro berth.

Twenty-five species,

representing a wide diversity of animal types, were found to occur
in both study areas, 28 species occurred only in Wollongong Harbour
and a further 15 species were found only in Port Kembla Harbour.
Sixteen of the 28 organisms (57%) found solely in Wollongong
Harbour were bryozoans.

Ascidians and hydroids formed a large

proportion (67%) of the organisms which occurred only in
Port Kembla Harbour.

Of these species most were recorded at all

3 study sites, although two organisms were found to occur only at
the Oil berth (Sp. Nos. 52 and 59), one species was found only at
the Tug berth (Sp. No. 50) and a further single species was
recorded solely at the Ro-Ro berth (Sp. No. 55).
Figure 4.2 shows the temporal change in species richness
for the two successional periods at each site.

The change in species

richness through time for the communities first submerged in
winter followed the same general pattern at each site in
Port Kembla Harbour.

Correspondingly, the temporal change in

species richness of those conmrunities which started development
in summer was very similar for all 3 of these sites.

In Port Kembla

Harbour, the species richness recorded for the initial phases of
development of summer 'start' communities was noted to be higher
than the species richness of the same stages in communities first
submerged in winter.

This is particularly evident in the first

5 weeks of community development at each study site in Port Kembla
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TABLE 4.1

Systematic list of the marine fouling species
recorded for the main study. The frequency
of occurrence of each species is given for
the four sites used in the study.
A dash indicates that the species was absent.
Frequency of occurrence
WR
OB
TB
RR

Phylum

Taxonomic Name

Bryozoa

Atea sp.

8

Arthropodaria sp.

2

Beania magellanica (Busk)

Bugula neritina (Linneaus)
Celleporaria sp.

74

Bugula avicularia (Pallas)

Conopeum sp.

91

55

144

509

492

369

492

802

141

14

2

250

37
25
31

Bowerbankia sp.

4

3

Conopeum tennuissimum

94

Cryptosula sp.

3

Cryptosula pal la~i11.nO.

9

Mvosoma sp.

4

Tricellaria sp.

328

Watersipora cucullata (Busk)

342

Watersipora subovoidea

d'Orbigny

4

38

22

1

10

45

85

207

177

320

434

371

351

152

197

149

2

3

2

1

Unidentified sp. 41

18

Unidentified sp. 47

43

Unidentified sp. 62

4

Unidentified sp. 63

8

Unidentified sp. 64

7

Unidentified sp. 66

4

Unidentified sp. 68

4

Chordata
(Ascidian)

Ascidia sp.
Botryllus schlosseri
Ciona intestinalis
Diplosoma sp.
Molgula sp.

Pallas

10

Linneaus
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TABLE 4.1

(Cont'd}

Phylum

Taxonomic Name

Freguency of occurrence
OB
WH
TB
RR

Pyura sp.

109

Styela plicata Lesueur
Unidentified sp. 38

119

277

186

1

15

1

5

Unidentified sp. 53
Unidentified sp. 54

5

Unidentified sp. 59

6

Bimeria sp.

1

4

Coelenterata
(Hydroid)

Eudendrium sp.

284

Obelia sp. (1)

281

83

178

36

Obelia sp. (2)

33

130

223

42

4
1

5

Syco~ne

sp.

Tubularia australis (Stechow)
Unidentified sp. 50

5

Unidentified sp. 51

(Anemone)

Unidentified sp. 58

7

Unidentified sp. 60

3

Unidentified sp. 40

4

41

13

15

2

6

49

Unidentified sp. 55

7

Arthropoda
(Barnacle}

Bal anus amphitrite amphitrite
Darwin
Bal anus trig onus

Darwin
Darwin

Bal anus variegatus

5

305

520

420

132

44

25

53

277

290

537

156

30

68

92

47

3

1

244

241

128

11

8

2

Mollusca
(Bivalve)

Anomia descripta

Iredale

Barbatia sp.
Crassostrea commercialis
(Iredale and Roughley)
Unidentified sp. 56

20
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TABLE 4.1

(Cont'd)

Freguency of occurrence
WH
OB
TB
RR

Taxonomic Name

Phylum
Polychaeta
(Serpulid)

Filograna implexa (Berkeley)
Galeolaria caespitosa
Galeolaria hystrix

Lamarck

Morch

Hydroides brachyacantha

Rioja.

Hydroides elegans (Haswell)
Janua steuri

Sterzinger

Pileolaria lateralis
Pomatoceros sp.

Claparede

97

4

193

1

3

7

1

15
574

849

754

702

690

268

79

324

576

24

7

34

1

243

57

32

178

97

1

25

14

Pomatostegus sp.

39

Spirobranchus sp.

53

Halisarca sp.

21

Porifera
(Sponge)

Leuconia sp. (1)

1

Leuconia sp. (2)

15

Leucosolenia sp. (1)
Leucosolenia sp. (2)

299

Sycon sp.

405

Site abbreviations
WH:

Wollongong Harbour

OB:

Oil berth

TB:

Tug berth

RR:

Ro-Ro berth

FIGURE 4.2

·------·

Temporal change in the species richness of
fouling conununities at each study site.

Conmrunities first submerged in winter.

·---·

Conmrunities first submerged in summer.

A.

Wollongong Harbour.

B.

Oil berth.

c.

Tug berth.

D.

Ro-Ro berth.
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Harbour.

The mean number of species found at these sites after

5 weeks development in sunnner submerged communities was 15,

whereas communities immersed midway through winter contained an
average of only 4 species after being submerged for 5 weeks.
This difference in species richness between the initial
developmental phases of communities on summer and winter 'start'
panels in Port Kembla Harbour was even more pronounced in
Wollongong Harbour.

After 5 weeks development the winter 'start'

community at Wollongong Harbour contained only 2 fouling species,
while the community whose development was started in summer
consisted of 20 species after the same period of submergence.
It can be seen from Figure 4.2 that the increase in species richness
of the winter 'start' community at Wollongong Harbour was a
gradual process and a maximum was reached at 9 months of
development.

In comparison, the summer 'start' community had

almost attained (approx. 90%) its maximum complexity (species
richness) after only 3 months of development.
Figure 4.2 shows that the change in species richness
through time for the communities in Port Kembla Harbour was generally
different to the change in species richness that occurred in
communities in Wollongong Harbour.

Of particular importance is

the fact that the initial increase in the number of species in
communities at Port Kembla Harbour was more rapid than that for
the communities in Wollongong Harbour, irrespective of the season
during which the development was first initiated.

Winter 'start'
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communities of 5 weeks development at the three sites in
Port Kembla Harbour contained 4 species however, the community
of 5 weeks development which was started in winter at Wollongong
Harbour was composed of only 2 species.

Similarly, after 2 weeks

submergence the summer 'start' communities at Port Kembla Harbour
consisted of 4 species while the summer 'start' community in
Wollongong Harbour contained only 1 species after the same
period of development.

The species richness of both summer and

winter 'start' communities in Wollongong Harbour however, increased
quite rapidly once these phases of initial development were
completed.

As a consequence, the species richness achieved by both

these communities was much greater than that of any of the
conununities in Port Kembla Harbour.

Photographs of each stage of

development of the fouling communities at the 4 study sites
(both sunmer and winter 'start') are given in Appendix 4.1.
4.2.2

Statistical analysis of frequency data
The results of the analysis of variance of the 7 most

numerous animal groups, and the transformed species richness data
are given in Table 4.2.

With the exception of ,bivalves, the

frequency of occurrence of each animal type varied significantly
with sites (site), with the season in which the community was
first submerged (season 'start') and the times within each
developmental period (times within season 'start').

The frequency

of occurrence of bivalves was found to vary significantly with
sites and times within each developmental period, but not with the

TABLE 4.2

Analysis of variance of the frequency
of occurrence of animal groups and
transformed species richness data.

..;t
N
~

VARIANCE RATIO
VARIABLES

SPECIES
RICHNESS(/ll)

ANIMAL GROUPS
DF

Bryozoans

Ascidians

Hydroids

Bivalves

Sponges

Barnacles

Polychaetes

Site

3

78.82***

97.57***

79.02*** 113.89***

Season 'Start'

1

170.85***

52.99***

16.62***

10

51.72***

102.46***

13.71*** 206.46***

26.10***

3

4.22**

46.70***

96.37*** 17.35***

12.31***

19.48***

12.78*** 31.32***

Time within Season
'Start'
Site x Season 'Start'
Site x Time x Season
'Start'

30

***

p < 0.001

**

P<0.01

NS

Not significant

1.88 NS

207.22***

70.23***

802.12***

18.02***

126.63*** 309.52***

334.12***

39.65***

82.75***

109.80***

11.89***

43.48***

24.91***

96.16***

1. 79 NS

19.87***

12.88***

49.31***

-
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season during which the community first started development.

The

first and second order interaction terms (i.e. site x season
'start' and site x time x season 'start') were also significant
for all animal groups but generally were lower than the other
three variables.

All significant results were recorded at the

0.001 level except for the first order interaction term given for
bryozoans which was significant at the 0.01 level.
A significant variation in the number of species was
recorded for sites, the season in which the community was first
submerged, and the time within each developmental period.

The

first order interaction term (site x season 'start') was found
to be not significant.

A result could not be given for the second

order interaction term since it was used as the residual in this
analysis.
Table 4.3 gives the mean group scores (Section 3.7.2) which
were recorded for each of the 4 study sites.

The table shows that

the number of species of bryozoans was far greater in Wollongong
Harbour than Port Kembla Harbour.

However, the mean scores for

bryozoans at the study sites in Port Kembla Harbour, with the
exception of the Oil berth, were very similar to the scores
recorded for Wollongong Harbour.

With the exception of

Watersipora subovoidea all the bryozoan species recorded in
Port Kembla Harbour were found in Wollongong Harbour.

This would

suggest therefore that these species occurred far more frequently
in Port Kembla Harbour than in Wollongong Harbour.

Table 4.1 lists

the frequency of occurrence of fouling species recorded on panels
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TABLE 4.3

Mean group scores for each site .
The figures in brackets indicate the number
of species present in each animal group.

Site
Animal Group

Wollongong
Harbour

Oil Berth

TuR: Berth

Ro-Ro Berth

Bryozoans

1.24 (21)

0.66 (5)

1.10 (6)

1.29 (5)

Ascidians

0.91 ( 6)

1.29 (7)

2.15 (7)

1.81 (7)

Hydro ids

1.26 ( 5)

0.54 (6)

0.89 (6)

0.20 (4)

Bivalves

0.26 ( 2)

1.67 (3)

1. 79 (4)

1.04 (4)

Sponges

2.82 ( 5)

0.11 (3)

1.58 (3)

0.60 (3)

Barnacles

2.87 ( 3)

4.42 (3)

6.17 (3)

4.51 (3)

Polychaetes

4.68 (10)

2.32 (7)

1.64 (3)

2.17 (2)
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submerged for up to 12 months at each study site.

It can be seen

from this Table that the bryozoans Arthropodaria sp., Bowerbankia sp.
and Bugula avicularia occurred much more frequently in Port Kembla
Harbour.

In fact, the frequency of occurrence of Bugula avicularia,

and to a lesser extent Bowerbankia sp., were noted to increase as
the pollutant concentrations increased along the gradient from the
outer harbour to the inner harbour in Port Kembla.
The results given in Table 4.3 also show that the number
of polychaete species decreased as the pollutant concentrations
increased.

As a consequence, the frequency of occurrence of

polychaetes in Wollongong Harbour was

more than double that of

any of the 3 sites in Port Kembla Harbour.

However only 2 species,

Hydroides elegans and Janua steuri,were found to occur frequently in
Port Kembla Harbour.

Of these 2 polychaete species, Hydroides elegans,

occurred far more frequently in Port Kembla Harbour than in
Wollongong Harbour.
The frequency of occurrence of ascidians, bivalves and
barnacles, as represented by the mean group scores in Table 4.3, was
always greater in Port Kembla Harbour.

Approximately equal numbers

of species of each of these animal groups occurred in both study
areas.

The ascidians Botryllus schlosseri, Ciona intestinalis,

Diplosoma sp. and Styela plicata were frequently found in
Port Kembla Harbour.

Of these species, only Botryllus schlosseri

and Diplosoma sp. were found to occur in both study areas.

Table 4.1

shows that the frequency of occurrence of Botryllus schlosseri was
greater in Port Kembla Harbour.

In fact, it tended to occur more
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frequently in the inner harbour (Tug berth, Ro-Ro berth) in
Port Kembla where the greatest concentrations of pollutants
were normally found.

Diplosoma sp.,on the other hand, occurred

more often on panels from Wollongong Harbour.

The bivalve

molluscs Anomia descripta and Crassostrea commercialis were found
to occur in Wollongong Harbour and Port Kembla Harbour.

The

frequency of occurrence of both species, particularly Crassostrea
connnercialis, was much greater in Port Kembla Harbour.

Within this

study area Crassostrea commercialis occurred most frequently at
the Oil berth, and least frequently at the Ro-Ro berth.

Three

species of barnacles, Balanus amphitrite amphitrite, Balanus trigonus
and Balanus variegatus were recorded during the entire study.

All 3

of these species were found to be present in both study areas.
Table 4.1 shows that Balanus trigonus occurred more frequently on
panels from Wollongong Harbour, whilst the frequency of occurrence of
the barnacle Balanus amphitrite amphitrite was far greater in
Port Kembla Harbour.

Balanus variegatus occurred frequently at all

sites in both study areas, although it was found most often at the
Tug berth and least often at the Ro-Ro berth.
Of the remaining animal groups listed in Table 4.3,
hydroids and sponges were noted to occur much more frequently in
Wollongong Harbour.

The hydroids Obelia sp. 1 and Obelia sp. 2

were recorded at all sites in both study areas.

The frequency of

occurrence of Obelia sp. 1 was greater on panels from Wollongong
Harbour whilst Obelia sp. 2 was found to occur more frequently on
panels from Port Kembla Harbour (Table 4.1).

Eudendrium sp. was
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the most frequently occurring hydroid species in Wollongong Harbour.
This species however, did not occur in the polluted conditions of
Port Kembla Harbour.

The sponges recorded on panels from

Wollongong Harbour were most often represented by the species
Leucosolenia sp. 2 and Sycon sp. (Table 4.1).

The latter species

also occurred on panels from the 3 study sites in Port Kernbla
Harbour.

Table 4.1 indicates however, that this species occurred

far less frequently on panels from these sites.

Although sponges

did not occur very often on panels from Port Kernbla Harbour, the
species Leuconia sp. 1 and Leucosolenia sp. 1 occurred frequently
at the Tug berth.
animal groups.

This same trend was observed in several other

In comparing the mean group scores for each of

the 3 study sites in Port Kernbla Harbour, 5 of the 7 animal groups
listed in Table 4.3 (ascidians, hydroids, bivalves, sponges and
barnacles) occurred most frequently on panels from the Tug berth.
4.2.3

Multivariate classification of frequency data
Figure 4.3 presents the dendrogram of the CENPERC

classification of the total data array.

The dendrogram has been

truncated at the three group level since little ecological meaning
could be derived from groupings below this point in the
classification.

The clustering of replicates down to this level

was shown to be statistically significant using the tests of
Sandland and Young (1979 a, b).
The primary division in the data separates the replicates
into 2 groups comprising panels from Port Kernbla Harbour {Group A)
and Wollongong Harbour (Group B).

Of the 218 replicates classified,

FIGURE 4.3

Dendrogram of CENPERC classification of
total data set, truncated at the 3 group
level.

Letters indicate the type of replicate group.

A.

Port Kembla Harbour.

B.

Wollongong Harbour.

c.

'young' replicates, Port Kembla Harbour.

D.

'mature' replicates, Port Kembla Harbour.

BO

60

B

20
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all but 6 were grouped according to this division.

These 6

replicates represented panels from 2 replicate groups (Appendix 3 . 2)
that had been submerged in Wollongong Harbour, and they comprised
2 panels of 2 weeks submergence. from the summer 'start' panel
series (2 WH 2 W) and 4 panels from the winter 'start' series
that had been submerged for only 5 weeks (lb WH 5 W).

These

replicates were classified with panels from Port Kembla Harbour
which had also been immersed for a short period of time.
The results of the GROUPER analysis for this primary
division are given in Table 4.4. This table lists the species
(species contribution 1.000) which were most important in this
major discontinuity in the data and gives their mean occurrence
for each of the two groups.

The 43 species listed in the table

are organisms which occurred at only one or other of the two
study areas.

Clearly, replicates from Wollongong Harbour contained

a large number of species which did not occur on replicates from
Port Kembla Harbour.

Table 4.4 shows that of the 28 species

which occurred only in Wollongong Harbour, those which were
present most frequently on replicates were;

Watersipora cucullata,

Beania magellanica, Leucosolenia sp. 2., Tricellaria sp.,
Eudendrium sp., Pyura sp., Conopeum tenuissimum and Celleporaria sp .•
It is worthy of note that this list contains 5 species of bryozoans .
The species Ciona intestinalis, Styela plicata and Leucosolenia sp. 1,
occurred most often of the 15 species listed to occur only on
replicates from Port Kembla Harbour.

Ciona intestinalis and

Styela plicata are both solitary ascidians which were observed to
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TABLE 4.4

Species
No.

The results of the GROUPER analysis of the total
data set comparing Group A (Port Kembla Harbour)
and Group B (Wollongong Harbour).
The mean occurrence of the most important species
in the fusion are given for each group.

Taxonomic Name

Group A
Species
Mean

Group B
Species
Mean

Species
Contribution

5

Ciona intestinalis

7.151

0.000

1.000

8

Leucosolenia sp. (1)

2.127

0.000

1.000

14

Ascidia sp.

0.331

0.000

1.000

15

Barbatia sp.

0.024

0.000

1.000

20

Watersi2ora cucullata

0.000

6.808

1.000

21

Pyura sp.

0.000

2.538

1.000

22

Beania magellanica

0.000

5.058

1.000

23

Cono2eum sp.

0.000

0.462

1.000

25

Leucosolenia sp. (2)

0.000

7.673

1.000

26

Cry2tosula sp.

0.000

0.077

1.000

27

Tubularia australis

0.036

0.000

1.000

28

Tricellaria sp.

0.000

6.654

1.000

29

Aetea sp.

0.000

0.154

1.000

30

Celle2oraria sp.

0.000

1.519

1.000

32

Styela 2licata

3.910

0.000

1.000

33

Bimeria sp.

0.030

0.000

1.000

36

Cono2eum tenuissimum

0.000

1.865

1.000

37

Pomatostegus sp.

0.000

0.750

1.000

38

Ascidian

0.000

0.096

1.000

41

Bryozoan

0.000

0.346

1.000

42

S2irobranchus sp.

0.000

1. 019

1.000

43

Watersi2ora subovoidea

0.367

0.000

1.000

44

Leuconia sp. (2)

0.000

0.288

1.000

46

Eudendrium sp.

0.000

5.462

1.000

47

Bryozoan

0.000

0.827

1.000

50

Hydro id

0.151

0.000

1.000

51

Hydroid

0. 41')

0.000

1.000
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TABLE 4.4

Species
No.

(Cont'd)

Taxonomic Name

Group A
Species
Mean

Group B
Species
Mean

Species
Contribution

52

Slncorlne sp.

0.024

0.000

1.000

53

Ascidian

0.127

0.000

1.000

54

Ascidian

0.000

0.096

1.000

55

Anemone

0.042

0.000

1.000

56

Bivalve

0.157

0.000

1.000

58

Hydro id

0.000

0.135

1.000

59

Ascidia_n

0.036

0.000

1.000

60

Hydro id

0.000

0.058

1.000

61

~osoma

0.000

0.077

1.000

62

Bryozoan

0.000

0.058

1.000

63

Bryozoan

0.000

0.173

1.000

64

Bryozoan

0.000

0.135

1.000

65

Helisarca sp.

0.000

0.404

1.000

66

Bryozoan ·

0.000

0.058

1.000

67

H2droides brach2acantha

0.000

0.288

1.000

68

Bryozoan

0.000

0.077

1.000

sp.
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occur in dense aggregations on several panels from the experimental
study sites (Appendix 4.1;

Plate 4. H, Plate 7. G).

The second major discontinuity in the data occurred amongst
the replicates from Port Kembla Harbour.

In this split replicates

were grouped according to the length of time they had been submerged .
The first group (Group D) contained 'mature' replicates that had
been itmnersed in the sea for greater than 3 months whilst younger
replicates of 3 months development, or less, formed the second
grouping.

Five replicate groups did not conform to this division

and these comprised replicates of 6 months submergence from the
winter 'start' panel series of each site in Port Kembla Harbour,
and replicates of 12 months submergence from the summer 'start' panel
series at the Oil berth and the Ro-Ro berth.

Although these 5 groups

were collected at 2 different sampling times during the study, it
should be noted that they were collected during consecutive sutmner
periods.

That is, the 6 month replicates from the winter 'start'

series were taken up in the sununer (i.e. December - March) of 1979/1980,
and the 12 month replicates from the sunnner 'start' series were
collected in the sunnner of 1980/1981.

It would seem therefore, that

these replicates were grouped by the classification with 'young'
replicates on the basis of seasonal effects.
Species which were most important in creating the fusion
of the 2 groups in the secondary division of the replicate data are
listed in Table 4.5.

Of the species listed, those which occurred

most frequently on 'mature' replicates were the bivalves,
Crassostrea commercialis and Anomiadescripta, and the hydroid
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TABLE 4.5

Species
No.

The results of the GROUPER analysis of the
total data set comparing Group C ('young'
replicates, Port Kembla Harbour) and Group D
('mature' replicates, Port Kembla Harbour).
The mean occurrence of the most important
species in the fusion are given for each
group.

Taxonomic Name

Group C
Species
Mean

Group D
Species
Mean

Species
Contribution

15

Barbatia sp.

0.000

0.069

1.000

16

Molgula sp.

0.056

0.000

1.000

24

Galeolaria caespitosa

0.009

0.000

1.000

27

Tubularia australis

0.056

0.000

1.000

33

Bimeria sp.

0.046

0.000

1.000

35

Pomatoceros sp.

0.315

0.000

1.000

49

Cryp tosula pal las.iana

0. 000

0.155

1.000

50

Hvdroid

0.000

0.431

1.000

52

Syncoryne sp.

0.000

0.069

1.000

53

Ascidian

0.000

0.362

1.000

55

Anemone

0.000

0.121

1.000

57

Galeolaria hystrix

0.065

0.000

1.000

59

Ascidian

0.056

0.000

1.000

48

Crassostrea commercialis

0.185

12.345

0.9704

31

Anomia descripta

0.083

3.741

0.9564

51

Hvdroid

0. 056

1.086

0.9027

19

Sycon sp.

0 . 046

0.672

0. 8712

12

Bugula neritina

1.389

0.138

0.8193

13

Diplosoma sp.

4.352

0.810

0.6860
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Sp. No.51, and those which were present most frequently on
'young' replicates were the bryozoan Bugula neritina, the
colonial ascidian Diplosoma sp. and the serpulid Pomatoceros sp ..
4.2.4

Ordination of frequency data
The 3 major axes produced by the principal co-ordinate

analysis accounted for approximately 61% of the total variance
in the data.

In a bid to describe the temporal differences in

the replicate data graphically, the mean score of each replicate
group for these 3 axes has been plotted against real time
(i.e. the actual time during which the sampling programs were
carried out).

Although the pattern described by the ordination

was essentially similar to that produced by the classification,
it has produced, in some instances, information which could not
be discerned from the classification.
Of the 3 major axes produced by the ordination, the
primary axis (vector 1) extracted 39% of the variance.

A plot

of the mean scores of each replicate group on this axis is given
in Figure 4.4.

It demonstrates that the temporal change of the

mean replicate scores for both the sunnner and winter 'start'
sampling periods in Wollongong Harbour is the reverse of the
change through time of the replicate scores for both sampling
periods at each site in Port Kembla Harbour.

In Figure 4.4 the

majority of Port Kembla Harbour scores are located on the
positive side of vector 1, whilst the replicate scores from
Wollongong Harbour are situated on the negative side of the axis.
The temporal change in the . replicate scores was similar for all
sites in Port Kembla Harbour and was independent of the season
during which the sampling period was first started.

Initially,

FIGURE 4.4

Temporal change in the mean score of each
replicate {panel) group on vector 1 at
each study site.
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most of the scores dipped slightly before undertaking a
relatively short, steep rise, after which time (2 - 3 months
submergence) they levelled off and, despite some fluctuation,
maintained a constant height above the vector.

It will be

noted that although the temporal change in the replicate scores
was similar at each site for both sampling periods, there was a
lag of approximately 2 - 3 weeks before this pattern commenced
in the winter 'start' period.

In Wollongong Harbour the change

in replicate scores through time was similar for both sampling
periods and was the reverse of that shown to occur at the 3 study
sites in Port Kembla Harbour.

At first, the replicate scores

decreased slowly however, this was followed by a large, sharp
decrease, after which time (2 - 3 months submergence) they
levelled out, although in both sampling periods (particularly
the swmner 'start') they were noted to decrease slightly towards
the vector after 6 - 9 months submergence.

As in Port Kembla

Harbour, there was a lag of 2 - 3 weeks in the winter 'start'
sampling period in Wollongong Harbour.
Species best correlated with the mean scores on vector 1
are given in Table 4.6.

Those negatively correlated with the

primary vector were more numerous on panels from Wollongong Harbour,
while positively correlated species were more abundant on panels
from Port Kembla Harbour.

Since the increase in the replicate

scores was much greater in Wollongong Harbour than Port Kembla
Harbour, this suggests that the species in Wollongong Harbour
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TABLE 4.6

Species best correlated with the mean replicate
scores for vector 1, which were extracted from
frequency data by the Principal Co-ordinate
Analysis.

Species

Correlation
Coefficient

Pileolaria lateral is

.87

Leucosolenia sp. (2)

.74

Bugula avicularia

+ .73

Sycon sp.

.71

Tricellaria sp.

.70

Watersipora cucullata

.70

Balanus a!!!2hitrite amphitrite

+ .70

Eudendrium sp.

.68

Galeolaria caespitosa

.65

Janua steuri

.64

P:xura sp.

.61

Bowerbankia sp.
Ciona intestinalis
Celle2oraria sp.
St:xela plicata

+ .61
+ .58
.57

+ .54

Spirobranchus sp.

.so

Beania magellanica
Cono2eum tenuissinwm

.49
.46

Pomatostegus sp.

.45

Leucosolenia sp. (1)

+ .43
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contributed more to the dissimilarity of the 2 study areas than
did those from Port Kembla Harbour.

Those which occurred more

abundantly in Wollongong Harbour were the polychaetes
Pileolaria lateralis, Galeolaria caespitosa, Janua steuri,
Spirobranchus sp. and Pomatostegus sp., the encrusting bryozoans
Tricellaria sp., Watersipora cucullata, Celleporaria sp . ,
Beania magellanica and Conopeum tenuissimum, the sponges
Leucosolenia sp. 2 and Sycon sp., the hydroid Eudendrium sp. and
the ascidian Pyura sp.

The bryozoans Bugula avicularia and

Bowerbankia sp., the ascidians Ciona intestinalis and Styela plicata,
the barnacle Balanus amphitrite amphitrite and the sponge
Leucosolenia sp. 1 were noted to occur predominantly in Port Kembla
Harbour.
Fourteen per cent of the total variance in the data array
was accounted for by the second principal axis (vector 2).

A plot

of the mean replicate scores against this vector is given in
Figure 4.5.

The greatest variability in these scores occurred

amongst the replicates from Port Kembla Harbour.

There was some

variation in the mean scores of the replicate groups from
Wollongong Harbour, particularly those from the winter 'start'
sampling period, however, overall this was small in comparison
to that in Port Kembla Harbour.

This second most important axis

generated by the ordination is analagous to the second major
division produced by the multivariate classification (Section 4.2.3).
It indicates that the major difference in the replicates from
Port Kembla Harbour is in terms of submergence age, irrespective of
the season during which they were first submerged.

Replicate

scores of 3 months of age or less were mostly situated below the

FIGURE 4.5

Temporal change in the mean score of each
replicate (panel) group on vector 2 at
each study site.

w

Start of winter panel series.

s

Start of summer panel series.

w. 2

Start of winter panel series,
Wollongong Harbour.

·----·
·-- -·

•

Wollongong Harbour (Surmner)
Wollongong Harbour (Winter)

,& Oil berth (Summer)

A---A

Oil berth (Winter)

£..----&Tug berth (Sunnner)
&--~Tug berth (Winter)

<S>---<S> Ro-Ro
<S>- __ -<S> Ro-Ro

berth (Summer)
berth (Winter)

MEAN
I

~

::0
m

,...l>

-

I

Q

N

SCORE
141

I

0

!

w•

r•
I

....

.
co

I'\)

\

Q

-t

~

m

\

•

\

\

\
0)

•

3

\

•\
I

\
~

142
axis whilst those of 6 months of age were located above the axis.
Exceptions to this are most noticeably the 6 month replicate
scores from the winter 'start' sampling period at the 3 study
sites (collected January, 1980), and the 12 month replicate
scores from the summer 'start' sampling period at the Oil berth
and Ro-Ro berth (collected December, 1980) .

In the multivariate

classification these 5 replicate groups were clustered with
replicates that had been submerged for 3 months or less in Port Kembla
Harbour (Section 4.2.3.).
The temporal change of the replicate scores from
Port Kembla Harbour followed the same pattern at each site, and
was not dependent on the time at which the sampling period was
initiated.

At the beginning of each sampling period the replicate

scores first increased slightly before decreasing rapidly onto the
negative side of the axis.

After 2

3 months they increased again

achieving a positive maximum around 9 - 12 months submergence,
after which time they decreased.

Both sampling periods exhibited

the same pattern, although it will be noticed that a delay of
some 2 - 3 weeks occurred at the start of the winter 'start'
sampling period before the change in replicate scores couunenced.
This secondary axis is important since it describes the
main features in the development of the fouling communities at each
of the 3 study sites in Port Kembla Harbour .

Listed in Table 4.7

are the species which were most correlated with the major pattern
described above.

Since the ascidians Ciona intestinalis,

Diplosoma sp. and Botryllus schlosseri, and the serpulid Janua steuri
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Species best correlated with the mean replicate
scores for vector 2, which were extracted from
frequency data by the Principal Co-ordinate
Analysis.

TABLE 4.7

Correlation
Coefficient

Species
Crassostrea commerc ialis
Anomia descripta

+ .77
+ .62

Ciona intestinalis

.60

Diplosoma sp.

.51

Janua steuri

.44

+ .34

Leuconia sp. ( 1)
Botryllus schlosseri

.32

+ .31

Hydroid sp. 51

Species best correlated with the mean replicate
scores for vector 3, which were extracted from
frequency data by the Principal Co-ordinate
Analysis.

TABLE 4.8

Correlation
Coefficient

Species

.57

Obelia sp . .(1)
Balanus variegatus
Beania magellanica
Balanus trigonus
Hydroides elegans
Galeolaria caespitosa
Conopeum tenuissimum

.53
.45
.45
.43
.37
.37
.36

Sycon sp.
Bryozoan sp.

+
+
+
+
+
+

47

Bowerbankia sp.

+ .34
.33
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were correlated with negative replicate scores, they occurred
more frequently during the early stages of each sampling period.
In contrast to this, the bivalves Crassostrea commercialis and
Anemia descripta the sponge Leuconia sp. 1 and the hydroid Sp. No. 51
were correlated with positive replicate scores, and consequently
they occurred more abundantly in the latter (6 months submergence
or greater) stages of each sampling period in Port Kembla Harbour.
The third principal axis generated by the ordination
extracted only 8% of the total variance (Figure 4.6).

Although the

replicate scores fluctuated appreciably with time at all sites,
greatest variability was associated with replicates from the two
sampling periods in Wollongong Harbour.

Replicates submerged for

6 months, or less, are nearly all positioned on the negative side
of the axis whilst those of 9 months and 12 months of age are
situated on the positive side of the axis.

The position of these

replicates in relation to vector 3 indicates that the major
difference in the replicates from Wollongong Harbour was in terms
of their length of submergence.

The temporal change of these

replicate scores was similar for both sampling periods, although
it was more pronounced in the winter 'start' period.

In Figure 4.6

it can be seen that in the early stages of each sampling period
the replicate scores decreased.

After a maximum time of 3 months

they gradually increased again, and this upward trend was
maintained until the end of the sampling period (i.e. 12 months
submergence).

As was noted for the temporal change. of the

Temporal change in the mean score of each
replicate (panel) group on vector 3 at
each study site.

FIGURE 4.6
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replicate scores from Port Kembla Harbour against vector 2, there
was a lag of some 2 - 3 weeks before this pattern commenced in
the winter 'start' sampling period in Wollongong Harbour.
Species which were most correlated with the pattern that
was described above are listed in Table 4.8.

Animals such as the

hydroid Obelia sp. 1, the sponge Sycon sp. and the bryozoan
Bowerbankia sp.,were correlated with negative replicate scores
which means that they occurred more abundantly during- the first
6 months of each sampling period.

On the other hand, the barnacles

Balanus variegatus and Balanus trigonus, the bryozoans Beania
magellanica, Conopeum tenuissimum and Sp. No. 47, and the serpulids

.

Hydroides elegans and Galeolaria caespitosa were correlated with
positive replicate scores, and therefore occurred more frequently
in the later stages (9 - 12 months submergence) of both sampling
periods.

In Figure 4.6 decreases in some of the replicate scores

from Port Kembla Harbour, especially those from the summer 'start'
sampling period at the Tug berth, were due to the presence of such
species as Obelia sp. 1 and Sycon sp. which were observed to occur
more abundantly in Wollongong Harbour (Table 4 . 1).

4.3

Discussion

4.3.1

Species richness and freguency of occurrence of fouling
species
Analysis of variance of species richness data showed that

the number of species in the fouling communities investigated varied
significantly with sites.

The total number of species collected in

Wollongong Harbour (53) over the entire study was greater than the
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number of species collected at the Port Kembla Harbour study sites.
Species richness in Port Kembla Harbour was found to decrease with
increasing pollutant concentrations along the gradient from the
Oil berth (35 species) in the outer harbour to the Tug berth (33
species) and the Ro-Ro berth (30 species) in the inner harbour.
It would seem that pollution is responsible for removing, either
directly or indirectly, a large number of species in the fouling
communities from Port Kembla Harbour.
Just over half (57%) the number of species which were
found to occur solely in Wollongong Harbour were bryozoans.

Since

very few species of bryozoans were recorded in the experimental
study area, this may signify that these animals are sensitive to
the pollutants in Port Kembla Harbour.

The susceptibility of

bryozoans to pollution from heavy industry has been observed
recently by Ward and Young (1982) who studied the fouling organisms
attached to the bivalve mollusc, Pinna bicolor, at Port Pirie in
South Australia.

They found that the number of bryozoan species

was reduced in areas where the sediments were polluted by high
concentrations of heavy metals.

The findings from this study and

those from the study conducted in Port Kembla Harbour suggest that
bryozoans, as a biological assemblage, may prove suitable for use
as an ecological indicator of pollution.
Although 28 species were found to occur only in
Wollongong Harbour there were 15 species which occurred solely in
Port Kembla Harbour.

Ten of these species were either ascidians

(e.g. Ciona intestinalis, Styela plicata) or hydroids (e.g. Sp. No. 51).
The absence of these species from the fouling communities in
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Wollongong Harbour may be explained by differences in geographical
location.

Since the two study areas were located some distance

from each other (approximately 3 kilometres) the larval input in
each area may have been different.
discussed in more detail below.

This aspect of the study is

It is also possible that the

absence of these species may have been due to the fact that they
could not compete for space and/or food in the more diverse
communities found at the control site.

Experiments were undertaken

to test this hypothesis which is discussed further in Chapter 8.
The frequency of occurrence of the 7 most abundant
animal groups recorded over the entire study indicated that
bivalves (e.g. Crassostrea cotmnercialis, Anomia descripta), barnacles
(e.g. Balanus amphitrite amphitrite) and ascidians (e.g. Botryllus
schlosseri) appeared to favour the polluted conditions of
Port Kembla Harbour, since they were shown to occur more
frequently in this area than in Wollongong Harbour.

Conversely,

animals such as bryozoans, polychaetes, sponges and hydroids seemed
to be adversely influenced by the conditions prevailing in
Port Kembla Harbour.

These organisms were found to occur more

frequently in the communities from Wollongong Harbour.

However,

there were individual species from the bryozoan (Bugula avicularia,
Bowerbankia sp. Arthropodaria sp.),

polyc~aete

(Hydroides elegans),

sponge (Leuconia sp. 1) and hydroid (Obelia sp. 1) animal groups
which occurred more abundantly in Port Kembla Harbour.
These results are very similar to those described by
other studies which have investigated the effects of pollution on
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marine communities (Section 1.4.3).

In particular, they have

shown a pattern in the coomrunities from Port Kembla Harbour
which emulates that predicted by some general theories of
pollution (Reish, 1972;

Section 1.4.3).

That is, the

pollution in Port Kembla Harbour has eliminated sensitive species
(e.g. some bryozoans) from the environment, and this has
resulted in a decrease in the species richness of the communities.
In conjunction with this decrease, several species were found to
increase in numbers in the polluted conditions of Port Kembla
Harbour.

Such an increase in the abundance of pollution-tolerant

species in an area has been explained by the suggestion that this
is due to the removal of the sensitive species, which compete for
the available resources (space,food) in the coomrunity (Reish, 1972).
It is postulated in the present study however, that while the
increase in the frequency of occurrence of several species in
Port Kembla Harbour may have been partially due to a reduction in
the number of competing species in the communities at the 3 study
sites, it may also have been the result of a higher productivity
of food species in the polluted environment.

This hypothesis is

discussed in more detail in Chapter 6.
Changes in the species richness of the communities within
Port Kembla Harbour again showed a similar trend to that
predicted for polluted environments.

That is, as the pollutant

concentrations increased the number of species in the communities
decreased.

This decrease was however, less pronounced than decreases

reported for benthic communities along gradients of increasing
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pollution (Pearson and Rosenberg, 1978).
The frequency of occurrence of most species did not
increase continually along the pollution gradient in Port Kembla
Harbour parallel with the decrease in species richness of the
communities.

Except for Bugula avicularia and the anemone

Sp. No. 40 (which increased in abundance along the pollution
gradient from the Oil berth. to the Ro-Ro berth) the frequency
of occurrence of fouling species in Port Kembla Harbour increased
from the Oil berth to the Tug berth and then decreased at the
Ro-Ro berth.

The abundance of most species is thought to have

decreased at the Ro-Ro berth because the pollutant
concentrations at this site were toxic enough to affect some
individuals of even the more tolerant species.

The change in the

abundance of species along the gradient of increasing pollution
in Port Kembla Harbour was very similar to that predicted by the
oligodynamic

r~sponse

curve which has been discussed by Perkins

(1974).
Statistically significant differences in species richness
over the 4 sites were found to occur between communities which were
first established in summer, and those whose development was first
initiated in winter.

At all sites greater numbers of species

occurred in the initial developmental phases of communities which
were first established in summer.

This seasonal effect (Section 4.1)

on species richness however, was found to be less pronounced at
the study sites in Port Kembla Harbour and it would seem that the
pollution in this area modified the seasonal fluctuations in larval
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settlement which normally affect the development of fouling
communities in temperate environments (Section 1.6).

In this

instance, the presence of species in the initial stages of
community development in Port Kembla Harbour was not primarily
due to seasonal factors, such as temperature, but rather was
determined by the ability of the available larvae to tolerate
the toxic conditions.
Apart from this initial difference in development, the
temporal change in the species richness of conmrunities first
submerged in summer, and those which were first immersed in
winter was similar for all sites in Port Kembla Harbour.

The

overall pattern in the change in the number of species in
communities from Port Kembla Harbour was quite different from the
changes in species richness which took place in Wollongong Harbour.
Two important points need to be mentioned with regard to the
temporal changes in the species richness of communities in these
2 study areas.

Firstly, although the species richness values

of the communities increased significantly with time, at the end
of 12 months development those from Wollongong Harbour had reached
a greater value than those from Port Kembla Harbour.

Secondly,

the species richness of the initial phases of development in
Wollongong Harbour (up to 5 weeks development winter 'start'
communities, and up to 2 weeks development summer 'start'
communities) was less than those from each of the sites in
Port Kembla Harbour.

This is an interesting result, since it

demonstrates that, if samples were taken only in the very early
developmental phases of the communities at the 4 study sites,
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Port Kembla Harbour could be considered less polluted than
Wollongong Harbour, since the species richness of the samples
from this area was higher than that recorded for the samples
from the control area.

This result highlights the weakness

associated with using species richness as a measure of whether
or not an environment is polluted.

Clearly the developmental

age of communities needs to be considered when interpreting the
significance of species richness results in areas supposedly
affected by pollution.

The reason why fewer species occurred

in the very early development of communities in Wollongong
Harbour as compared with the same stages in communities from
the 3 experimental sites is thought to be due to the dominance
of macroalgae, and this is discussed in the following chapter.

4.3.2

Multivariate analyses
The two multivariate techniques of classification and

ordination provided a quantitative measure of the difference
between the development and succession of the fouling
communities at each site.

Although these techniques are

mathematically very different, they have described the same major
patterns in the data.

The results derived from both these

methods will be considered since each has produced information
which, in some instances, was not readily apparent from the
other.

One point must be mentioned with regard to these

mathematical methods.

It may be noted from the results that

species which have been listed as being important in a specified
fusion generated by the classification are in some instances
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different to those recorded to be most correlated with the
same corresponding pattern in the data produced by the ordination.
This is because the importance of a species is related to only a
certain specified division in the data, whereas the correlation
of a species is based on the variability of the total data set.
The results from both these mathematical techniques will be used
in the following discussion of the differences in the temporal
change in the frequency of occurrence of organisms in the fouling
communities at each site.

4.3.3

Classification: difference between communities in
Wollongong Harbour and Port Kembla Harbour.
Two discontinuties were shown to occur in the data by

the multivariate classification.

The primary division produced

by the classification indicated that the development of the
fouling communities in Port Kembla Harbour was very different
from that which occurred in Wollongong Harbour.

In this split,

communities from Port Kembla Harbour were separated from those
whose development was carried out in Wollongong Harbour.

In

the classification only 6 of the 218 replicates were not grouped
according to this division.

These 6 replicates represented the

very early developmental stages of both communities at the control
site, and they were grouped with the early developmental stages
of conununities from Port Kembla Harbour.

This grouping was not

ecologically meaningful, since the conununities from Wollongong
Harbour mostly contained different species to those with which
they had been grouped.

Consequently, these communities were

classified with communities from Port Kembla Harbour primarily on
the basis that they all contained only a small number of species.
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The diagnostic of the classification, GROUPER, described
the main differences in the development of the fouling communities
in the two study areas.

It showed that the community development

in Port Kembla Harbour was different from that which took place in
Wollongong Harbour since it involved less species, particularly
bryozoans (e.g. Watersipora cucullata, Beania magellanica,
Tricellaria sp., Conopeum tenuissimum and Celleporaria sp.).

The

sponge Leucosole·nia sp. 2 and the hydroid Eudendrium sp. were also
shown to occur frequently only in cormnunities that developed in
Wollongong Harbour.

The GROUPER analysis also indicated that the

conmunity development in Port Kembla Harbour involved some species
which did not occur in the development of the fouling communities
in Wollongong Harbour.

These were animals such as the ascidian

Ciona intestinalis and Styela plicata, and the sponge Leucosolenia sp.l.
The observed differences in conmunity development and
succession between the two study areas could be attributed to the
fact that Wollongong Harbour was an inadequate control s .i te since
it is located some distance from Port Kembla Harbour (3 kms),
possibly resulting in differences in hydrological parameters and
larval input.
During the study, temperature, salinity, dissolved oxygen,
pH

and turbidity were measured at each site.

These hydrological

parameters are known to influence the larval settlement,
metamorphosis and growth of marine fouling organisms (Section 1.6).
The results of this hydrological survey given in Appendices 4.2
and 4.3, showed that, except for turbidity, only small variations
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in the parameters occurred between sites, and it is proposed
that these were unlikely to account for the gross differences
observed .i n the fouling communities in the experimental and
control study areas.

The results listed in Appendix 4.3

demonstrated that turbidity was higher in Port Kembla Harbour
than Wollongong Harbour, and that it increased with increasing
pollutant concentrations along the gradient from the Oil berth
to the Ro-Ro berth.

High turbidity not only affects the

settlement of larvae {Section 1.6), but also the ability of
adult fouling organisms to feed since it tends to obstruct
their filtering mechanisms (e.g. ascidians;
Prolonged exposure to such conditions has

Millar, 1971).
also been shown to

cause the death of certain fouling animals (Round et. al., 1961).
Since the turbidity in Port Kembla Harbour is a direct result of
pollution, the effects of this factor are considered to be
inseparable from those of pollution as a whole in this study.
The type of larvae entering a bay or enclosed harbour
area (larval input) can vary quite widely due to differences in
geographical location.

In this study variations in the larval

input between the experimental and control areas were probably
small.

A total of 25 species were recorded in the fouling

communities from both areas (Table 4.1), which indicated that at
least 37% of the larval input was common to both harbours.

Studies

undertaken by the State Pollution Control Commission of
New South Wales indicated that a two-layer flow system occurred
in Port Kembla Harbour, whereby a lower layer of fresh oceanic
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water moved westwards through the outer harbour into the inner
harbour underneath an outgoing layer of warmer, polluted water
(Section 3.2.1).

During the present study several experiments

were carried out to determine the direction of the water currents
in Port Kembla Harbour (Section 3.8).

Although the results of

these experiments were inconclusive they indicated that there
was a movement of water at a depth of 10 metres, in a westerly
direction during the incoming tide in the inner harbour.

The

results of this experiment, and those obtained by the State
Pollution Control Commission suggest that larval input into the
inner harbour in Port Kembla may be facilitated by incoming
oceanic waters.

The larvae brought into the harbour by these

currents could be distributed into the upper water layers as
a result of entrainment (i.e. upward mixing)(Section 3.2.1).
Although communities in Wollongong Harbour contained
a greater number of bryozoan species than those in Port Kembla
Harbour, suggesting possible differences in larval input, many
of the bryozoan species recorded only in Wollongong Harbour,
have also been found to occur in Sydney Harbour and
Port Hacking which are situated further from Wollongong Harbour
(60 km) than is Port Kembla Harbour (3 km).

Twelve of the

13 bryozoans identified to species level in Wollongong Harbour
were found to be present in either Sydney Harbour (Whialegge,
1889;

Russ, 1977) or Port Hacking (Vail and Wass, 1981).

study carried out by Hazell (1981) recorded 4 species of

A
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encrusting bryozoans (Conopeum sp., Conopeum tenuissiDUlm,
Schizoporella unicornis, unidentified sp.) in the deeper, less
polluted, water layers at the Ro-Ro berth.

In the present study,

these species did not occur in the fouling conununities in the
more polluted, upper water layers at this site, however, 3 of them
were recorded to occur in the fouling connnunities in Wollongong
Harbour.

This result reinforces the suggestion that the larval

input into both the experimental and control areas was similar
for all sites used in this study.
Apart from the input of larvae from the ocean the study
sites presumably received larvae from the fouling communities
already present within each area.

As a result, a greater

variety of larval species may have occurred in Port Kembla Harbour
than Wollongong Harbour, since some of the larvae produced within
Port Kembla will have come from the connnunities attached to the
hulls of fo:teign ships (Section 1.6).

It is proposed that

differences in the larval populations in the two study areas due
to the effects of shipping were small.

Input from foreign shipping

may have accounted for the occurrence of some of the 15 species
found only in Port Kembla Harbour however, most of these species
occurred infrequently in the fouling communities in this area, and
those species which were common (e.g. Ciona intestinalis,
Styela plicata and Leucosolenia sp.) have been found to occur in
waters along the coast of New South Wales (Wood and Allen, 1958).
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In view of the results discussed above, it is proposed
that Wollongong Harbour was an adequate control area for this
study.
In Section 4.1 it was stated that the winter 'start'
sampling period from Wollongong Harbour which was used in this
study was run 1 year behind those from the experimental sites
in Port Kembla Harbour.

Since the settlement and development of

fouling communities can fluctuate from year to year (Section 1.6)
the use of this sampling period as a control may have influenced
the results of this study.

This is considered unlikely, since

in the classification of the total data set (Section 4.2.3)
communities of 2 and 3 months of age

from the original winter 'start'

sampling period (i.e. those connnunities contained on panels collected
prior to the storm1 Figure 4.1) in Wollongong Harbour were grouped with
communities of the same age from the winter 'start' sampling
period which was run during the following year in Wollongong
Harbour.

These connnunities were classified together in the same

group down to the 16 group level.

This result indicates that the

early development of the winter 'start' control communities used in
this study was very similar to the early development of the
original winter 'start' communities in Wollongong Harbour.

It also

suggests that the entire development of the winter 'start' control
connnunities utilised in this study would have been similar to
that of the original winter 'start' fouling communities.

Therefore

it is postulated that for the purposes of this study, in delineating
major patterns in the data, the winter 'start' community from
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Wollongong Harbour was a suitable control for the winter 'start'
communities from Port Kembla Harbour.
The dredging operation which was carried out in
Port Kembla Harbour may have been responsible for altering the
outcome of the present study.

During the dredging period

increased conditions of turbidity were experienced throughout
Port Kembla Harbour, especially in the inner harbour (Appendix 4.3).
This operation however, did not greatly affect the development
of the fouling communities in Port Kembla Harbour since samples
taken just before the dredging commenced, and those taken while
the dredging had been underway for some time were classified as
being similar to each other.

For example, communities of 5 weeks

of age (collected 1 week prior to the commencement of the dredging)
were grouped together with those of 2 and 3 months of age, which
were collected after the dredging had started.

Fouling communities

from the study sites in Port Kembla Harbour which were collected
during the dredging period were not clustered at any stage into
a separate group by the multivariate classification.

It would

appear therefore, that the dredging operation had little effect
on the development of the fouling comrriUnities in Port Kembla
Harbour.
Thus the gross difference observed between the
communities in the 2 study areas are not attributed to the
inadequacy of the communities in Wollongong Harbour as controls
for those in Port Kembla Harbour, or the effects of the dredging
operation carried out in Port Kembla Harbour during the study.
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Rather it is proposed that this difference was due to the effects
of pollution.
Whereas the primary division produced by the classification
described a difference in the communities from the 2 study areas,
the secondary division showed that the species composition of the
communities in Port Kembla Harbour changed with time.

'Young'

communities of 3 months development or less were shown by the
classification to be different from those which had developed for
6 months or more ('mature' communities).

Although this

difference was shown to occur at all sites, regardless of when the
communities were first established, there were some variations
amongst the communities as they were not all classified according
to this division.

Several 'mature' communities (Section 4.2.3)

from the 3 study sites were grouped with those of 3 months or
less in development.

Since they were all collected in summer during

the study, this grouping is thought to reflect temporal fluctuations
in the communities, principally as a result of increased larval
settlement during sunnner.

This is discussed in more detail below, in

relation to the results of the ordination.
4.3.4

Ordination:

successional processes in the communities

The divisions produced by the classification defined the
broad differences which occurred amongst the connnunities in this
study.

In conjunction with these results the ordination provided

information concerning the successional processes which occurred
in the communities in the 2 study areas.

The primary vector
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generated by the ordination emulated the primary division of the
classification in that it showed that the development of the
fouling communities in the experimental area was different to
that in the control area.

In addition, it defined a temporal

pattern in the communities in each area.

The temporal pattern of

replicate scores shown in Figure 4.4 suggests that in both areas
there were species which colonised in the initial phases of
community development, and once established, stayed throughout
the rest of the development of the community.

Since the sc·o res

increased in different directions the species involved, were
different in the two study areas.

It is also significant that the

temporal increase in replicate scores was much greater for those
from Wollongong Harbour than for those from Port Kembla Harbour.
This result suggests that the pattern of development shown to
occur in both study areas (i.e. initial colonists staying throughout the community development) was more pronounced in Wollongong
Harbour.
Like the classification, the ordination showed that
the development of the fouling communities was similar at all 3
study sites in Port Kembla Harbour, and that 'young' communities
were differ-e nt from 'mature' conm.mities at these sites.

The

temporal change of the replicate scores on vector 2 indicated that,
initially the communities at each site contained an assemblage of
species (negatively correlated) which was gradually replaced after
3 months development by a second group of different species
(positively correlated).

Of the species correlated with the

second vector the solitary ascidian Ciona intestinalis was recorded
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by the diagnostic of the primary vector (Table 4.6) to be present
throughout the entire development of the connnunities in Port Kembla
Harbour.

This result is not contradictory to that shown by the

diagnostic of vector 2, since it suggests that, whereas
Ciona intestinalis occurred more frequently in the 'young'
conununities, it was not replaced entirely by the species which
occurred in the later stages of development.

At all 3 study sites

the development of the fouling connnunities in Port Kembla Harbour
followed similar trends irrespective of the season during which
the conununities were first established.

Ascidians were found

to be the most important group of animals present in the early
stages of community development in the experimental area.

As time

progressed, and the communities developed, these species were
gradually replaced
mainly of bivalves.

by a group of animals which was composed
This development in Port Kembla Harbour was

very different to the community development which has been reported
to take place in communities subjected to organic (sewage)
pollution (Section 1.5).

Several studies have shown that the

development and succession of communities in organically polluted
environments were dominated by pollution-tolerant opportunistic
species which were the first organisms to colonise in the
communities (Jones, 1971, 1972;
Rastetter and Cooke,1979).

Murray and Littler, 1978;

In the present study, the animals

which eventually dominated the communities in Port Kembla Harbour
were bivalves, which are not regarded as opportunistic species
since they are relatively slow growing (e.g . . -

.£.

commercialis;

Dakin, 1960) and have been observed to occur in the final stages
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of a number of fouling conununities in unpolluted environments
(e.g. Aleem, 1957;

Scheer, 1945).

The plot of the temporal change of the mean replicate
scores against vector 2 (Figure 4.5) showed, as did the classification,
that 'mature' communities were influenced by the increased
settlement of larvae in summer.

It will be noted from this plot,

that the temporal change of the replicate scores at all sites in
Port Kembla Harbour followed a cyclical pattern.

Those

conmrunities whose development was first initiated in summer showed
this pattern most clearly.

Scores representing these conununities

reached a maximum (positive) after 6 - 9 months development, and
then decreased towards zero at 12 months development in the second
summer period.

This decrease is thought to represent the

settlement of larvae in the 'mature' comm.unities during the summer.
In the case of the Oil berth and the Ro-Ro berth, 12 month sunnner
scores were positioned close to zero on the vector, whereas the
score for the 1 year old community at the Tug berth approximated
+o.l.

This result indicates that the effects of increased larval

settlement in summer on the 12 month old community at the Tug berth
may not have been as great as that at the Ro-Ro berth and the
Oil berth.

Consequently, this is probably why this conununity

was not grouped by the classification (Section 4.2.3) with the
'young' communities, as were those from the Oil berth and the
. Ro-Ro berth.
Although a distinct division amongst the replicates
from Wollongong Harbour was not produced by the classification,
the ordination did show that the type of development which
occurred in Port Kembla Harbour also occurred to some extent
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in Wollongong Harbour.

Vector 3, produced by the ordination,

despite extracting only a small percentage of the total
variability of the data set (8%), showed that the temporal
change of the replicate scores from Wollongong Harbour followed
a pattern which was similar to that which was shown to occur in
Port Kembla Harbour by the secondary vector.

This pattern of

development was not affected by the season during which the
communities were first established.

Replicate scores from

communities of 6 months of age, or less ('young'

connnunities~

were located mainly on the negative side of the axis whereas those
from communities of 9 months or more in development ('mature'
cotmnUnities) were situated above the axis.
The results of the ordination suggest that the fouling
cOtmnUnities in Wollongong Harbour initially were composed of
hydroids and sponges, and bryozoans.

After 3 months development

these animals were replaced gradually, so that at the end of 12
months the communities were dominated by barnacles, and to a lesser
extent, by polychaetes and bryozoans.

This process of species

replacement however, was not distinct since three species in the
'mature' communities (Beania magellanica, Conopeum tenuissimum,
Galeolaria caespitosa) and 1 species (Sycon sp.) in the 'young'
communities were shown by the primary vector to occur throughout
both sampling periods.

Consequently, although vector 3 showed that

the sponge Sycon sp. was important in the initial stages of
development in Wollongong Harbour it was not replaced entirely by
species which occurred later on in the development of the
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communities.

Similarly, although the bryozoans Beania magellanica,

Conopeum tenuissimum and the serpulid Galeolaria caespitosa were
shown by the third vector of the ordination to occur most
abundantly in the later stages of community development in
Wollongong Harbour, they also occurred frequently in the initial
phases of the development of the communities.
The results of the multivariate analyses show that the
development of the fouling communities in Wollongong Harbour did
not involve a distinct transition of animal groups with one
replacing another in a specified temporal sequence, as has been
shown to occur in some fouling communities in natural environments
(Section 1.6).

The reason why this process did not follow such

a temporal sequence in Wollongong Harbour is thought to be due to
inhibitory interactions amongst species.

Results derived from

the primary vector of the ordination showed that there were many
species, particularly encrusting bryozoans arid polychaetes, which
settled in the initial stages of development and continued to stay on
as the coD111Unities in Wollongong Harbour developed with time.

By

their remaining in the communities, these species are likely to have
prevented, or inhibited, the establishment of other species.
Inhibitory interactions have been observed to occur in the development
of many types of communities (Section 1.6).

Studies concerned with the

development of fouling communities have shown that Schizoporella
unicornis, an encrusting bryozoan, was able to inhibit the settlement
of other species

by interference competition, thus resulting in

fewer changes in species composition in the communities through time
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(Sutherland, 1977, 1978).

In view of these results it is

interesting to note that many of the animals which were found
to occur throughout the development of the fouling communities
in Wollongong Harbour were also encrusting bryozoans.
It is therefore proposed in this study that the major
pattern in the development and succession of the fouling
coumunities in the control area was provided by inhibitory
interactions, and that it occurred irrespective of when the
comnunity was first established.

Because of the importance of

inhibition amongst species in these communities initial colonists
were not readily replaced by other fouling species.

This type

of development although very different from that proposed by
Odum (1969) in his classical theory of succession (Section 1.6),
is similar to the model of inhibitory succession proposed by
Connell and Slatyer (1977).
The development of the connnunities in Wollongong Harbour
was in direct contrast to that which occurred in Port Kembla
Harbour, since the results of vector 2 from the ordination
suggested that species replacement was most important in the
development of the fouling communities in the experimental area.
This development was shown by both the classification and the
ordination to be similar at all sites regardless of when the
communities were first established.

Thus differences in species

richness and the frequency of occurrence of species between sites,
as discussed previously, would appear to have been too

small to

affect the development and succession of the communities along the
pollution gradient in Port Kembla Harbour.

The development of these
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communities is thought to have been different from that which
occurred in Wollongong Harbour primarily because inhibitory
interactions between species were not as important in this
experimental area.

Results derived from the temporal change of

the replicate scores on vector 1 showed that fewer species
stayed on throughout the development of the fouling conununities
in Port Kembla Harbour than in Wollongong Harbour.

Of the

species which stayed, most were erect bryozoans, barnacles and
solitary ascidians.

Styela plicata a solitary ascidian which

was found to occur throughout the development of these conununities,
has been shown to inhibit the settlement of species in natural
fouling communities (Sutherland, 1978).

Thus the communities in

Port Kembla Harbour contained a smaller number of potentially
inhibitory species which were different to those which occurred
throughout the development of conununities in Wollongong Harbour.
Few encrusting bryozoans or polychaetes were found to occur
frequently throughout the community development in Port Kembla
Harbour, in fact, many of these animals, particularly the
encrusting bryozoans, were shown to be absent from the communities
in this area.
It is postulated therefore that the pollution in
Port Kembla Harbour, in removing sensitive species from the
environment, eliminated many of the species which were responsible
for causing inhibitory interactions in the development of the
fouling communities.

This has enabled previously inhibited

species to establish in the comnunity, and has resulted in a new
pattern of comnunity development whereby species, or groups of
species, are replaced in an orderly sequence through time.

In
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P·o rt Kembla Harbour the initial colonists in the community were
ascidians which were gradually replaced by a further group of
animals composed mainly of bivalves.

It has been shown by

several studies that bivalves tend to dominate the later stages
of the development and succession of marine fouling cormnunities in
unpolluted environments (Russ and Wake, 1975).

In terms of the

theory of classical succession proposed by Odum (196 9)
(Section 1.6) the dominance of bivalves in a connnunity may
signify the end of the successional process, and the establishment
of a stable (climax) connnunity (Scheer, 1945;

Aleem, 1957).

Therefore, although the development in Port Kembla Harbour was
relatively simple, it followed a form of classical succession.
This pattern was also shown to be very persistent since it
occurred in fouling communities at all 3 study sites along the
pollution gradient.
In addition to describing the major differences in the
development of the fouling connnunities between the two study areas,
the ordination has provided useful information concerning the
effects of seasonality.

As mentioned previously, the overall

pattern in the development of the fouling connnunities in each
study area was not affected by the connnunities being established
in summer or in winter.

Despite this however, it was found that

the pattern of development began 2 - 3 weeks earlier in
coonnunities first established in suonner than those first
established in winter as a result of increased larval settlement.
This effect was observed to occur not only at the control site,
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but also at all experimental sites, suggesting that the effects
of seasonality on the initial development of the fouling
connnunities was not influenced greatly by pollution.
The effects of increased settlement known to occur
during summer in temperate waters (Section 1.6) was shown by the
ordination to affect the 'mature' communities only in Port Kembla
Harbour.

The cyclical pattern in the replicate scores on vector 2

which represented this effect was discussed previously.

It is

not clear why seasonal progression (Section 1.6) should have
occurred in the communities in Port Kembla Harbour and not in
those in Wollongong Harbour, however, it is proposed that
increased larval settlement during summer in mature communities
in Port Kembla Harbour took place since fewer inhibitory species
occurred in these communities.

Larvae produced in summer were

inhibited from settling in 'mature' communities in Wollongong Harbour
since a large number of inhibitory species were present in these
communities.
By the end of the sampling periods in Port Kembla Harbour

the communities were dominated mainly by bivalves whereas in
Wollongong Harbour they were dominated by barnacles.

Several

studies in temperate waters in natural environments have indicated
that'mature' fouling communities are dominated by bivalves (Wood and
Allen, 1958).

As qualitative surveys (Appendix 3.1) showed that

bivalves, particularly Crassostrea commercialis, were prominent in
communities present on submerged structures .in both areas, it is
suggested that the community development in Port Kembla Harbour
occurred at a greater rate than that in Wollongong Harbour.
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This more rapid development in Port Kembla Harbour may have been
due to:

1.

The dominance of macroalgae in the initial
stages of conununity development in
Wollongong Harbour (Chapter 5).

2.

The increased growth rates of fouling
species (Chapter 6).

3.

The greater abundance of inhibitory species
in Wollongong Harbour.

4.4

Summary
1.

Fifty-three species of fouling animals occurred in

the coumunities from Wollongong Harbour compared to only 40 in
those from Port Kembla Harbour.
2.

Twenty-eight species, including many bryozoans,

occurred only in Wollongong Harbour, while 15· species occurred
solely in Port Kembla Harbour.
3.

There were 10 species which occurred in both areas,

but which occurred in greater abundance in Port Kembla Harbour.

These

pollution-tolerant species were thought to have taken advantage of
the greater availability of space in the communities in the
experimental area and/or to have benefited

from the higher

productivity of food species in this area.
4.

The species richness of fouling conununities in

Port Kembla Harbour decreased along the pollution gradient from the
outer harbour (35 species) to the inner harbour (30 species).
5.

The frequency of occurrence of most fouling species
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along the pollution gradient in Port Kembla Harbour were observed
to increase from the Oil . berth to the Tug berth, and then to
decrease at the Ro-Ro berth.

This decrease in abundance of species

at the Ro-Ro berth was attributed to extreme toxicity at this site.
6.

Summer 'start' communities at all sites showed

higher species richness than winter 'start' communities, probably
due to increased larval settlement in sunnner.

This effect was

most pronounced in Wollongong Harbour, and this in turn was
attributed to the effects of pollution on larval settlement in
Port Kembla Harbour.
7.

Temporal change in the species richness of

conununities was different between the 2 areas, and although species
richness increased at all sites, Wollongong Harbour communities
were most complex at the end of the experiment.
8.

Fewer species were found in the very early develop-

ment of conmunities in Wollongong Harbour as compared with the
same stage of development in Port Kembla Harbour.

This was thought

to have been due to the dominance of macroalgae in the Wollongong
Harbour communities.
9.

Multivariate classification showed that the major

difference in the development and succession of the fouling
conununities in this study was between the experimental and the
control areas, since fewer species were involved, and some
species only occurred in the experimental area.
10.

A second division produced by the classification
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suggested that at all sites, and independent of season of
establishment, the species composition of the communities in
Port Kembla Harbour changed with time.
11.

Evidence was presented that Wollongong Harbour was

an adequate control area, and the gross differences observed in
the communities are attributed to pollution in Port Kembla Harbour.
12.

The results of the ordination provided information

concerning the successional processes which took place in the
fouling communities in the 2 study areas.

In both areas there were

species which colonised the initial stages of development and
stayed on throughout the development of the community.

The species

involved in this process were different in the two study areas,
and the process was more pronounced in Wollongong Harbour.

Like

the classification, the ordination indicated that at all sites
'young' communities were different from 'mature' connnunities in
Port Kembla Harbour.

The communities at each site contained an

assemblage of species (dominated by ascidians) which were
gradually replaced by a second group of different species (composed
mainly of bivalves).

A similar, but less distinct pattern of

development took place in communities in Wollongong Harbour, where
hydroids, sponges and bryozoans were gradually replaced by a
group of animals dominated by
13.

~arnacles,

polychaetes and bryozoans.

The development of fouling communities in the

control area did not involve a distinct transition of animal groups,
with one replacing another in a specified temporal sequence.

This
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was thought to have been due to inhibitory interactions among
species.

In contrast to this, species or animal

group replacement

was most important in connnunities in Port Kembla Harbour, probably
due to the absence of many inhibitory species which may have been
eliminated by the pollution.
14.

The overall pattern in development of the fouling

counnunities in each study area was not affected by communities
being established in summer or winter but it was found that the
pattern of development began 2 - 3 weeks earlier in conmrunities
first established in sunmer, indicating increased larval
settlement.
15.

Mature communities in the experimental area

onl~

were affected by the increased larval settlement in sununer, since
fewer inhibitory species were present.
16.

Community development in Port Kembla Harbour

occurred at a greater rate than that in Wollongong Harbour due to
the dominance of macroalgae in Wollongong Harbour communities,
higher growth rates of species in Port Kembla Harbour and to the
greater abundance of inhibitory species in Wollongong Harbour.
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CHAPTER 5

THE OCCURRENCE OF MACROALGAL SPECIES IN THE EARLY STAGES OF
DEVELOPMENT AT EACH STUDY SITE

5.1

Introduction
During the main study (Chapter 4) it was observed that

marine plants (macroalgae) appeared to occur abundantly in the
initial stages of development in conununities in Wollongong Harbour,
whereas they occurred very infrequently in the initial stages of
development in communities from the 3 study sites in Port Kembla
Harbour.

A thick mat of green algae was found to occur on panels

submerged for up to 3 months in Wollongong Harbour.

In contrast,

very few of these species were found on panels of 3 months of age
or less in Port Kembla Harbour.

The growth of macroalgae in the

initial stages of community development at the 4 study si.t es can
be seen in the photographs in Appendix 4.1.
It has been shown in many studies that macroalgal species
play an important part in the succession of marine fouling
communities in natural unpolluted environments, since they tend to
dominate the initial stages of conmninity development (Section 1.6).
Consequently, it was realised that the development and succession
which occurred in the marine fouling communities from Port Kembla
Harbour in the main study may have been affected by the
occurrence of very few macroalgal species in the initial stages of
their development.

An experiment was carried out to estimate the

macroalgal populations present in the initial stages of community
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development at the 4 study sites.

In this experiment the

numerical abundance of macroalgae on each panel was not determined,
since they were so dense on panels from Wollongong Harbour that
they could not be counted accurately.

Therefore species richness

was used as a measure of the complexity of the macroalgal populations
present in the initial phases of development of the communities
at the study sites (Section 3.10).

However, subjective

assessments were made of the abundance of macroalgal species on
panels from each site.
5.2

Results
A total of 10 macroalgal species was recorded for the

entire experiment (Table 5.1).

The numbers of species found to occur

on panels from each of the 4 study sites are given in Table 5.2.
All 10 species recorded for the experiment occurred in Wollongong
Harbour, the most abundant of these species being the green alga
Ulva sp., and the brown alga Dictyota . dichofoma

Both these

species occurred more than a hundred times over the area of panel
sampled.

Only 4 species of macroalgae were recorded on the panels

from the Oil berth.

All of these species were green algae, and

except for Ulva sp., which occurred 21 times over the total area
sampled, they were present very infrequently in the samples
analysed (<.5/16 cm2 ).

The green alga Enteromorpha intestinalis

occurred infrequently on panels from the Tug berth, and no
macroalgal species were found on panels from the Ro-Ro berth.

5.3

Discussion
The results showed that a greater number of macroalgal

species occurred in the initial stages of development of
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TABLE 5.1

A list of the macroalgal species from
settling panels submerged at the four
study sites.

S:eecies No.

Philum

Taxonomic Name

1

Chlorophyta

Enteromor:eha clathrata

2

Chlorophyta

Enteromor:eha intestinalis

3

Chlorophy ta

Brio:esis sp.

4

Chlorophyta

Ulva sp.

5

Chlorophyta

(Unidentified)

6

Phaeophyta

Ectocar:eus sp.

7

Phaeophyta

Die tyota dicho+omg

8

Rhodophyta

Callithamnion sp.

9

Rhodophyta

Ceramium sp.

10

Rhodophyta

Polisi:ehonia sp.

TABLE 5.2

Number of macroalgal species present at
each of the four study sites.

S:eecies richness

Species No.
~Table 5.1)

Wollongong
Harbour

10

1 - 10

Oil berth

4

Tug 'berth

1

2

Ro-Ro berth

0

-

Site

1 -

4
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conmunities in Wollongong Harbour than in those from Port Kembla
Harbour.

Although the numerical abundance of these species was

not measured in this experiment, qualitative observations showed
that macroalgae formed a thick mat on 'young' panels from
Wollongong Harbour, but were present very infrequently on
'young' panels from Port Kembla Harbour.

The numbers of macroalgal

species in the initial stages of conmunity development in
Port Kembla Harbour were found to decrease as the pollutant
concentrations increased from the Oil berth (4species) through
the Tug berth (1 species) to the Ro-Ro berth (O species).
However, all of these macroalgal species occurred infrequently on
'young'panels when they were present.
Despite the fact that macroalgae are important in the
normal development of fouling communities their dominance in the
early stages of community development is known to retard the
settlement and growth of fouling animals (Moran, 1980).
Conmunities in Wollongong Harbour have been affected in this
way whereas those in Port Kembla Harbour have developed largely in
the absence of such inhibitory effects.

Since macroalgae were not

important in conmunities in Port Kembla Harbour, the initial
stages of development contained an abundance of free space which
was available to fouling animals for settlement.

In Wollongong

Harbour the macroalgae formed dense communities which restricted the
availability of space for settlement in the early stages of
development.

This provides an explanation for the occurrence of

more fouling animals in the initial phases of community
development in Port Kembla Harbour as compared to Wollongong
Harbour (Section 4.3.1.).

Only a small number of fouling animals
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were able to colonise in the early stages of community development
in Wollongong Harbour since they were outcompeted for space by the
faster growing algal species.

Of the species which settled, most

were either, hydro ids, serpulids, or erect bryozoans, being animals
which were able to settle and develop in the small spaces which
were available between the macroalgae.

In contrast_ to this, many

different types of fouling animals were able to settle in the
early stages of development in Port Kembla Harbour, because of
the abundance of free space due to the absence of plant species.
Some of the species which settled in the early developmental stages
of conmunities in the experimental area (e.g. Botryllus schlosseri
and Diplosoma sp.) were species which have been found to settle
in the later stages of development in fouling communities in
unpolluted environments (Crisp, 1965).
Thus, it is postulated that the absence of macroalgae in
Port Kembla Harbour has allowed the early stages of community
succession in this area to occur initially at a greater rate than
in Wollongong Harbour, due to the early establishment of a larger
assemblage of fouling animals.
The occurrence of fewer macroalgae in the initial
developmental stages of coDDilUnities in Port Kembla Harbour may have
been due to the toxic effects of pollutants, but was more probably due
to decreased light penetration caused by the high turbidity associated
with the pollution in the harbour.

Increased turbidity from the
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outer to the inner harbours (Appendix 4.3) was probably
responsible for the decrease in the numbers of algal species
occurring along the pollution gradient.

5.4

Summary
1.

A greater number of macroalgae occurred in the

initial stages of development of communities in Wollongong
Harbour compared to those in Port Kembla Harbour.
2.

The number of macroalgal species in the initial

stages of community development in Port Kembla Harbour decreased
as the pollutant concentrations, and the turbidity increased from
the Oil berth (4species) through the Tug berth (1 species) to
the Ro-Ro berth (O species).

When they were present these species

occurred infrequently on 'young' panels from these sites.
3.

An abundance of free space was available to

fouling animals to settle in the initial stages of development in
Port Kembla Harbour compared to Wollongong Harbour because of a
lack of macroalgae.

4.

Succession in Port Kembla Harbour appeared to

occur initially at a greater rate than in Wollongong Harbour, due
to the early establishment of a larger assemblage of fouling
animals.
5.

The presence of fewer macroalgal species on

'young' panels in Port Kembla Harbour was thought to be due to
decreased light penetration caused by the high turbidity
associated with the pollution in the harbour.
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CHAPTER 6
GROWTH AND BIOMASS STUDIES

6.1

Introduction
Observations of the development .of the fouling communities

at each site during the main study (Chapter 4) revealed that the
fouling animals in Port Kembla Harbour appeared to be growing at
extremely rapid rates.

For example, the solitary ascidian

Ciona intestinalis was recorded to grow to a length of 20 ems in
2 - 3 months.

Consequently an experiment was carried out to measure

the growth rate of a representative species of the fouling
conununities in both Port Kembla Harbour and Wollongong Harbour.
In this experiment, the growth rate of the serpulid Hydroides
elegans was measured since it occurred frequently at all sites and
its growth was able to be determined accurately.

The growth rate

of this species in Wollongong Harbour, the Oil berth and the
Ro-Ro berth was determined from fouling communities under
'competitive' conditions (Section 3.11.2).

Since competitive

interactions within a community can affect the growth rates of
fouling animals (Haderlie, 1974) it was also decided to measure
the growth of Hydroides elegans under 'non-competitive' conditions
(Section 3.11.1).
Wollongong Harbour.

This was carried out at the Oil berth and
The Oil berth was used in this experiment

since Hydroides elegans was found to occur more frequently at
this site than any of the other sites in Port Kembla Harbour.
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It was thought that the rapid growth rates of fouling
animals in Port Kembla Harbour could have been due to either

'
increased environmental temperatures (Section 1.6), or to the
increased availability of food species.

The former explanation

is unlikely to explain the rapid rates of growth observed in the
experimental area, since variations in temperature between the
2 study areas were found to be small (Section 4.3.3) (Appendix 4.2).
Experiments were therefore carried out to investigate food species
availability in Port Kembla Harbour and Wollongong Harbour.
The major foods of fouling animals are bacteria
(Buss and Jackson, 1981;

Perkins, 1974), phytoplankton (Barnes, 1974;

Buss and Jackson, 1981) and zooplankton (Barnes, 1974).

Three

surveys were carried out which attempted to measure the abundance
of these organisms in the 2 study areas.

Whereas the abundance

of viable bacteria was measured directly (Section 3.12.1), the
abundance of phytoplankton was determined indirectly by estimating
the amount of chlorophyll a in the waters at each of the 4 study
sites.

This technique has been employed conmonly as a means of

obtaining a rapid estimate of phytoplankton both in natural and
polluted environments (Vollenweider, 1974).

Because of constraints

of time the abundance of zooplankton at each site could not be
determined,however, the total microbial biomass at the 4 study
sites was measured by estimating the amount of ATP in the waters
at these sites (Bulleid, 1977).
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6.2

Results

6.2.l

Growth rate of Hydroides elegans under 'competitive'
conditions
The mean growth rates of Hydroides elegans under

'competitive' conditions at the Oil berth, the Ro-Ro berth and in
Wollongong Harbour are given in Table 6.1.

It can be seen from

this Table that the growth of Hydroides elegans in Port Kembla
Harbour was 5 - 6 times higher than in Wollongong Harbour.

The

growth rate of this species in Port Kembla Harbour was greater
at the Ro-Ro berth than at the Oil berth.
6.2.2

Growth rate of Hydroides elegans under 'non-competitive'
conditions
The results of this experiment are given in Table 6.2.

At the start of the experiment there was no significant difference
(t= 0.37;

p>0.05) between the mean tubelength of Hydroides elegans

in Wollongong Harbour (8.6 mm) and that for animals at the Oil berth
(7.8 mm).

After 2 weeks, the mean length of Hydroides elegans at the

Oil berth (18.6 mm) was over 2 mm greater than the mean length of
Hydroides elegans in Wollongong Harbour (16.4 mm).

This difference

however, was shown to be not significant (t= 1.63;

p>0.05).

This

difference increased further, and by the end of 4 weeks of growth
the mean tubelength of Hydroides elegans at the Oil berth (27.0 mm)
was significantly greater (t= 2.88;
in Wollongong Harbour (22.0 mm).

p<0.05) than that for animals

After 6 weeks, the growth rates

of individuals in Wollongong Harbour had slowed to around 0.2 mm/wk
whereas a more rapid growth continued in individuals at the Oil berth
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Mean growth rate of the serpulid Hydroides
elegans grown on panels at Wollongong Harbour,
the Oil berth and the Ro-Ro berth under
'competitive' conditions.

TABLE 6.1

Site

Season

Growth rate
nun/wk

Wollongong Harbour

Summer

1. 9

Oil berth

Summer

9.6

Ro-Ro berth

Sunnner

12.0

TABLE 6.2

A comparison of the mean tube lengths of the
serpulid Hydroides elegans grown on panels
in Wollongong Harbour and the Oil berth
measured over a 6 week period under 'noncompetitive' conditions.
~oml

Mean tube length

± S.E.

After
4 weeks

After
2 weeks

After
6 weeks

Site

Start ex:e.

Wollongong
Harbour

8.6 + 0.4

16.4

.±

0.7

22.0 + 0.7

22.4

.±

0.5

Oil berth

7.8 + 0.9

18.6

.±

1.2

27.0

.±

29.0

.±

0.5

t

*

= 0.37

t = 1.63

t

1.6

= 2.88*

Indicates significant difference
between means, at the 0.05 level
(n=S).

t = 8.82*
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(l.O nun/wk).

At the end of 6 weeks, the mean tubelength of

Hydroides elegans at the Oil berth was almost 7 nun greater than
the mean tubelength of Hydroides elegans at Wollongong Harbour.
This difference in the final length of this species at the 2 study
sites was found to be statistically significant (t= 8.82;

6.2.3

p<0.05).

ATP Experiment
The concentrations of ATP at the 4 study sites are given

in 'T able 6.3.

These results show that there was an appreciable

amount of variability in the concentration of ATP at each site.
However, at each sampling time the concentrations of ATP at the
3 study sites in Port Kembla Harbour were always greater than those

found in Wollongong Harbour.

The mean concentration of ATP, taken

over the survey, in Wollongong Harbour (0.57 µg/l) was found to be
lower than that at both the Oil berth (0.86 µg/l) and the Tug berth

(0.83 µg/l), and was almost half the concentration recorded at the
Ro-Ro berth (1. 06 µg/l).

Because of the variability in the results,

no definite trend along the pollution gradient in Port Kembla
Harbour could be discerned, although, the concentration of ATP was
generally higher at the Ro-Ro berth.

A one-way analysis of

variance carried out on ATP results from Port Kembla Harbour however,
showed that there was no significant difference (F

= 1.30;

p>0.05)

in the concentrations of ATP between the 3 experimental sites.

There

was however a significant difference between the mean concentrations
of ATP recorded in Port Kembla Harbour (0.92 pg/l) and Wollongong
Harbour (0.57 µg/l) (F

= 8.23; p<0.01).
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Concentration of ATP in four samples taken
on separate occasions at each of the four
main study sites at 3 metres depth.

TABLE 6.3

Site

Wollongong
Harbour

Oil berth

Tug berth

Ro-Ro berth

Rep. No.

ATP (µg/l)
Sample 1

Sample 2

Sample 3

Sample 4

1

0.39

0.47

0.62

0.74

2

0.38

0.49

0.67

0.83

~

1

0.41

0.56

1.05

1.37

~ 0.86

2

0.50

0.56

1.07

l.36

1

0.53

0.68

0.96

1.23

2

0.58

0.63

1. 02

0.98

1

0.70

1.10

0.91

1.20

2

0.75

1.28

1.02

1.54

TABLE 6.4

Site

Mean number of bacteria per ml at each
study site at 3 metres depth. The 95%
confidence limits were calculated using
factors derived from a log transformation
(Elliot~ 1977) (n = 4).

Mean ~ 95% Confidence limits

t. 3.33

293 -

3253)

Oil berth

23350 ~ 1.87 (12487 -

43665)

Tug berth

59055

l

2.67 (22118 - 157671)

Ro-Ro berth

54400

!

8.27 ( 6578 - 449888)

Wollongong Harbour

1650

(

Mean

0.57

~ 0.83

~ 1.06
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6.2.4

Bacterial Experiment
Like the results obtained from the ATP experiment, the

numbers of bacteria were found to vary considerably at each site
(Table 6.4).

However, the 95% confidence limits from the sites in

Port Kembla Harbour do not overlap those from Wollongong Harbour, and
are consistently much greater than those from the control area.

The

numbers of bacteria at the Oil berth, Tug berth and Ro-Ro berth
were approximately, 4 - 15 times, 7 - 50 times and 2 - 150 times
greater, respectively, than the maximum numbers of bacteria found
in Wollongong Harbour.

The mean number of bacteria increased from

the Oil berth to the Tug berth in Port Kembla Harbour, although it
decreased slightly at the Ro-Ro berth.

This decrease was thought

to be due to periodic concentrations of heavy metals, particularly
iron, at this site, as a result of intermittent discharges of
these pollutants from Allans Creek.

Tests for the bacterium

Escherichia coli (Section 3.12) were negative for all sites.

6.2.5

Chlorophyll a Experiment
The concentrations of chlorophyll a at the 4 study sites

are given in Table 6.5.

Again, a great deal of variability in the

results, especially those -from sites in Port Kembla Harbour, was
found.

The concentration of chlorophyll a in Wollongong Harbour,

remained between the levels of 2.2 pg/l and 3.9 µg/l.

Although

some of the chlorophyll a concentrations in Wollongong Harbour were
greater than those in Port Kembla Harbour, the highest concentrations
recorded at the 3 sites in Port Kembla Harbour were all far greater
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TABLE 6.5

Concentration of chlorophyll a in four
samples taken on separate occasions at
the four main study sites at 3 metres
depth.

Site

Chlorophyll a (µg/l)
Sample 1

Sample 2

Sample 3

Sample 4

Wollongong Harbour

2.4

2.4

2.2

3.9

Oil berth

1.4

1.3

5.5

5.0

Tug berth

1.4

1.0

7.3

17.4

Ro-Ro berth

1.5

2.1

7.9

20.7
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than the highest concentration of chlorophyll a recorded in
Wollongong Harbour.

In the inner harbour, the chlorophyll a

concentrations reached 20.7 µg/l (Ro-Ro berth), which was
approximately 5 times the maximum concentration found in Wollongong
Harbour (3.9 _µg/l).

The highest concentration at the Oil berth

(5.5 pg/l) was around 1.3 times that in Wollongong Harbour.
6.3

Discussion
The rate of growth of Hydroides elegans under both

'competitive' and 'non-competitive' conditions was found to be
significantly greater in Port Kembla Harbour than Wollongong
Harbour.

This more rapid growth in the experimental area is

attributed to the greater availability of food species.

The

numbers of bacteria, phytoplankton and the total microbial biomass
were found to vary considerably at each site.

In spite of this

however, they were found to occur more abundantly in Port Kembla
Harbour than in Wollongong Harbour.

The numbers of bacteria in

the experimental area were consistently much greater than those
in the control area.

Similarly, the highest concentrations of

chlorophyll a, which provided a measure of phytoplankton abundance,
were found in Port Kembla Harbour.

Despite the fact that

productivity is normally reduced in winter, samples taken from the
inner harbour in Port Kembla during this season contained
17.4 - 20.7 µg chlorophylla per litre, which indicates bloom
conditions in this area (O'Connor et.al., 1977).

This result

suggests that blooms of phytoplankton probably occur throughout the
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year in Port Kembla Harbour.

Corresponding conditions of

phytoplankton abundance were not recorded in Wollongong Harbour.
As well as bacteria and phytoplankton, the total microbial biomass
(as determined by the concentration of ATP) was found to be
significantly greater in Port Kembla Harbour than in Wollongong
Harbour.

The mean biomass in the experimental area was found

to be 1.5 - 2 times the mean biomass in the control area.
This increased abundance of food species in Port Kembla
Harbour was not due to organic sewage pollution since
Escherichia coli, did not occur in water samples from each study
site.

It is postulated that the high productivity in the

experimental area was due to the occurrence of inorganic pollutants
such as amnonia (N~) and cyanide ~N-) as well as organic compounds
such as phenols (AnOG,

1978 a).

Ammonia is a common inorganic source of nitrogen for
bacteria (Brock, 1979) and in its

.

~onic

+

form (NH ) it is the
4

preferred source of nitrogen for phytoplankton growth (Gilbert and
Goldman, 1981).

Cyanide and its various toxic forms (cyanate, OCN;

thiocyanate, SCN-;

2
cyanamide, NCN -) are used as an inorganic

nitrogen source by bacteria.

For example, the bacterium

Hyphomicrobium sp. has unique nutritional requirements in that it
prefers one-carbon compounds such as cyanide (Brock, 1979).
Phenols are also utilised by bacteria in their metabolism, and are
oxidised to carbon dioxide and water by Vibrio sp., Pseudomonas sp.
and Actinomyces sp. (Jenkins, 1963).
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The abundance of food species in Port Kembla Harbour is
therefore a direct result of the presence of certain pollutants in
the environment.

Since a close relationship exists between bacteria,

phytoplankton and zooplankton (e.g. bacteria produce vitamins, such
as B , which can be utilised in algal synthesis;
12

Burkholder, 1963),

the abundance of bacteria may have been responsible for initiating
the increase in abundance of phytoplankton and the overall microbial
biomass.

Since phytoplankton produce metabolites which can be

utilised by bacteria the converse of this may also be true.

One

point which must be mentioned however is that the considerable
variability in the abundance of these species in Port Kembla Harbour
is likely to have been due to either variations in the amount of
inorganic pollutants (ammonia and cyanide) and phenols entering
the harbour or to the periodic toxic concentrations of heavy metals
(e.g. iron) discharged into the harbour (Chapter 7).
Since food species were abundant in Port Kembla Harbour it
is likely that the growth of fouling species other than
Hydroides elegans (e.g. Ciona intestinalis) were also greater in this
area than in Wollongong Harbour.

This more rapid growth is likely

to have influenced the development and succession of the fouling
communities . in the experimental · area by .increasing the turnover
rate of species in these communities, since species growing more
rapidly are likely to complete their life cycles in shorter periods
of time.

The rapid· growth of fouling species would lead to a more

rapid occupation of free space, and different competitive
interactions in the communities in Port Kembla Harbour.
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Besides affecting the growth rate of fouling species in
Port Kembla Harbour the greater availability of food species in
this area may also have enabled a greater number of species to
exist in the fouling conmrunities in Port Kembla Harbour.

Since

fouling species are thought to compete not only for space but also
for food (Buss and Jackson, 1981) the waters in this
experimental area may have been able to support a greater abundance
of pollution-tolerant species (Section 4.3.1) since food, as a
resource, was essentially not a limiting factor.

6.4

Summary
1.

The growth of Hydroides elegans under both

'competitive' and 'non-competitive' conditions was significantly
more rapid in Port Kembla Harbour than in Wollongong Harbour.
2.

Food species (e.g. bacteria and phytoplankton)

occurred more abundantly in the experimental area than in the
control area.
3.

Total microbial biomass was found to be greater

in Port Kembla Harbour.
4.

The increased abundance of food species in

Port Kembla Harbour is thought to have been due to the presence
of pollutants such as cyanide, ammonia and phenolic compounds,
and was not due to sewage pollution.
5.

The rapid growth rates of Hydroides elegans,

and presumably other species, due to increased food availability
are thought to have been responsible for causing an increase in
the rate of development of communities in Port Kembla Harbour.
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CHAPTER 7

LARVAL TOXICITY TOLERANCE EXPERIMENTS

7.1

Introduction
Results from the main study indicated that 28 fouling

species, 16 of which were bryozoans, were found to occur only in
Wollongong Harbour.

The absence of these animals from the fouling

communities in Port Kembla Harbour may have been because the larvae
of these species were affected by the pollutants in this area.
Experiments were carried out to test the hypothesis that the larval
settlement of organisms known to occur solely or most abundantly
in the control area was affected by the pollutants in Port Kembla
Harbour.
7.2

Results
The effects of water from Port Kembla Harbour on the

settlement of the larvae of the bryozoans Bugula neritina,
Watersipora cucullata and Tricellaria sp. are given in Tables 7.1,
7.2 and 7.3 respectively.

In these experiments, no dead larvae

were found in dishes containing Port Kembla Harbour water or control
water.

Those larvae not attached at the end of the 6 hour period

were observed to be still swimming and searching for a suitable
settling surface.

Larvae of Bugula avicularia which were employed

as internal controls (Section 3.13) were observed to settle in water
from Port Kembla Harbour in each experiment.

This indicates that the

techniques used in these toxicity experiments did not affect the
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TABLE 7.1

Effect of Port Kembla Harbour water on the
settling of Bugula neritina larvae.

Larvae (%) attached
(examined after 6 hrs.)
Experiment
No.

'

(a)

Dish

Larvae (%) Larvae
(%)
Still
Swimming
Dead

Total

PORT KEMBLA HARBOUR

Total
Larvae

I

1

24.1

0

1

77.5

l

7.5

68.9
0

85.0

7.0
15.0

83.3

0

5.6

88.9

61.6

2.5

24.8

88.9*

-

-

-

CONTROL
1
21.2

36.4

Mean %
Total No.
Larvae

(b)

Panel

Surface
Film

93.0

0
0

40

11.1

0

36

11.1

0

-

-

-

-

105

94.0

0

33

98. 7

6.0
1.3

0

I

29

1

68.8

7.8

36.4
22.1

1

70.6

8.8

17.6

97.0

3.0

0

77
34

Mean %

53.5

17.7

25.4

96.6*

3.4

0

-

-

-

-

-

-

144

Total No.
Larvae

-

* Significant difference between means
(t = 2.87; p< 0.05).
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TABLE 7.2

Effect of Port Kembla Harbour water on the
settling of Watersipora cucullata larvae .

.Larvae (%) attached
(examined after 6 hrs.)
Experiment
No.
(a)

Panel

Dish

Surface
Film

Total

Larvae(%) Larvae
Still
(%)
Swimming
Dead

Total
Larvae

PORT KEMBLA HARBOUR
2

26.7

40.0

6.7

73.4

26.6

0

15

4

3.6
14.6

0

7.2

92.8

15.8

84.2

0
0

28

0

3.6
1.2

82

15.0

13.3

3.8

32.1+

67.9

0

-

-

-

-

-

-

-

125

2

6.2

68.8

6.2

81.2

18.8

0

16

4

0

0

4.0

4.0

96.0

0

25

5

20.0

1.3

5.3

26.6

73.4

0

75

Mean %

8.7

23.4

5.2

37.3+

62.7

0

-

-

-

-

-

-

116

5

Mean %
Total No.
Larvae

(b)

CONTROL

Total No.
Larvae

-

+ No significant difference between the means
(t.

= 0.17;

p >0.05).
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Effect of Port Kembla Harbour water on the
settling of Tricellaria sp. larvae.

TABLE 7.3

Larvae (%) attached
(examined after 6 hrs.)

Larvae(%) Larvae
-(%)
Still
Dead
Swimming

I

Experiment
No.
(a)

Panel

Dish

Surf ace
Film

Total

'

Total
Larvae

PORT KEMBLA HARBOUR
11.1
2
0
7.2
1.2
3
10.2
3
5.1

0

11. l

88.9

0

9

24.1
22.0

32.5

0

83

37.3

67.5
62.7

0

59

9.5

2.1

15.4

27.0*

73.0

0

-

-

-

-

-

-

151

Mean %
Total No.
Larvae

-

I

I

{b)

CONTROL
23.1
2
3
7.1
3
4.6

Mean %

0

61.5

84.6

15.4

0

13

18.8

25.9

51.8

48.2

0

112

14.0

69.8

88.4

11.6

0

43

11.6

10.9

52.4

74.9*

25.l

0

-

-

-

-

-

-

168

Total No.
Larvae

*

-

Significant difference between the means
(t = 3.37;

p<0.05).
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settlement of larvae.

Measurements of the hydrological parameters

(temperature, salinity, dissolved oxygen and pH) of the waters
used in each experiment were carried out and the results are given
in Appendix 7.1.

Differences in these parameters between the

control and Port Kembla Harbour waters were found to be small for
each experiment.
At the end of the 6 hour period a significantly higher
percentage of larvae of Bugula neritina was found to have settled
in the control water (96.6%) compared to the percentage of larvae
which settled in water from Port Kembla Harbour (88.9%)
(t= 2.87;

p<0.05).

The percentage of Watersipora cucullata larvae

settled after 6 hours was small in both water types, and the
difference in the proportion of larvae which settled in control
water (37.3%) and Port Kembla Harbour water (32.1%) was found to be
not significant (t= 0.17;

p>0.05).

percentage of larvae of Tricellaria

A significantly greater
sp.

settled in control water

(74.9%) than in water from Port Kembla Harbour (27.0%)
(t= 3.37;

p<0.05).
Development of the serpulid Galeolaria caespitosa to the

trochophore stage (Table 7.4) was observed to occur in both the
control and Port Kembla Harbour water.

No dead or moribund

individuals of this species were noted to be present at the end of
the 24 hour period in each water type.

As in the other

experiments, the larvae of Bugula avicularia were observed to settle
in the water from Port Kembla Harbour during the experiment.
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TABLE 7.4

Experiment
No.
5

TABLE 7.5

Experiment
No.
1

2

3

4

5

Effect of Port Kembla Harbour water on the
development of Galeolaria caespitosa larvae
to the trochophore stage.

Trochophore dev.
(after 24 hrs.)

Swimming

Control

Yes

Yes

Port Kembla

Yes

Yes

Water Type

Heavy metal concentrations of water used in
larval toxicity experiments.
·

Concentration (µg/l)
Fe
Cu
-Zn

Water Type

Pb

Control

12.9

20.8

10.5

1.5

5.0

Port Kembla

16.0

12.5

7.8

4.8

6.7

Control

15.3

21.3

13.3

4.0

5.0

Port Kembla

14.2

27 .8

11. 7

2.7

5.0

Control

14.1

28.8

2.7

10.2

Port Kembla

12.3

23.1

6.8
13.1

3.9

11.2

Control

0.1

41.0

6.8

1.5

5.8

Port Kembla

1.2

80.0

7.6

7.7

5.8

Control

26.0

27 .8

8.4

2.7

5.0

Port:. Kembla

21.0

72.0

6.7

4.0

11.1

Cd
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7.3

Discussion
No acute toxic effects on larvae of the 4 species studied

were observed, as water from Port Kembla Harbour did not kill any
larvae.

However, settlement of larvae was reduced in 2 species

of bryozoans, namely Bugula neritina and Tricellaria sp .• This
sublethal effect on larvae was not due to the presence of heavy
metals in the water from Port Kembla Harbour, as analyses showed
that in all experiments similar concentrations of these pollutants
were present in both experimental and control water (Table 7.5).
Brief surveys of water quality carried out during the main study
indicated that, although intermittent discharges from heavy
industries caused fluctuations in the levels of heavy metals in
Port Kembla Harbour, the concentrations of these pollutants (with
the exception of iron) in this area were not greatly different
from those recorded in Wollongong Harbour.

Levels of iron

recorded in the experimental area were up to 40 times the maximum
levels recorded in Wollongong Harbour (Appendix 7.2).

These high

levels were found to occur peri,o dically for short periods of time
in Port Kembla Harbour, suggesting that their effects on the
fouling communities in this area would be acute, rather than
chronic.
It is suggested that pollutants other than heavy metals
were responsible for the sublethal retardation of settlement of the
larvae of Bugula neritina and Tricellaria sp .• Prior to the present
study, the mean concentrations (for the period 12. 1. 78 to 9. 5. 79)
of cyanides, ammonias and phenols in Port Kembla Harbour were
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recorded as 2.8, 1.8 and 1.0 µg/1 respectively (S.P.C.C., unpub.
data).

Although the instigation of anti-pollution measures

decreased these levels by nearly 50% before the start of this study
(Anon, 1980), the concentrations of cyanides, ammonias and phenols
in Port Kembla Harbour were still high enough to affect marine
life.

For example, cyanide concentrations of around 1.0 mg/l

have been found to act as an anaesthetic to fish.

A concentration

of 1.0mw'l of ammonia has been found to impair the ability of
haemoglobin to combine with oxygen, causing the suffocation of
fish (Anon, 1968), although this concentration of ammonia has been
observed not to inhibit the photosynthesis of diatoms (Perkins, 1974).
Although the concentrations of cyanides, ammonias and phenols did
vary in Port Kembla Harbour, as a result of intermittent large
discharges, they were continually discharged into the harbour
from the surrounding industries (Hodges, pers. comm.).
Retardation of settlement in species which have a
relatively short planktonic life, presumably has an effect on the
establishment of these species since it would reduce recruitment to the
pop.ulation.

Larvae which were forced to remain longer than normal

in a planktonic state would be vulnerable to increased predation
or to periodic toxic concentrations of heavy metals and may also
deplete their food reserves before they have the opportunity to
settle.
Although pollutants were thought to have reduced the
settlement of the larvae of Bugula neritina and Tricellaria sp.
they did not alter the early development of larvae of
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Galeolaria caespitosa or the settlement of Watersipora cucullata.
However, as the experiments carried out were quite short term, it
is possible that later development in all the species studied
could be affected.

The effects of pollutants on adult fouling

species are considered in the following chapter.
7.4

Summary
1.

The settlement of larvae of the bryozoans

Bugula neritina and Tricellaria sp. was reduced in water from
Port Kembla Harbour.

This effect was not thought to have been

due to the presence of heavy metals but rather to high levels of
other pollutants such as cyanides, ammonias and phenols.
2.

The early development of Galeolaria caespitosa and

the settlement of Watersipora cucullata were not altered by the
pollutants present in water from Port Kembla Harbour.
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CHAPTER 8

PANEL TRANSFERENCE EXPERIMENT

8.1

Introduction
The results of the larval toxicity experiments indicated

that the settlement of some species of bryozoan larvae (e.g. Bugula
neritina and Tricellaria sp.) was reduced as a result of sublethal
toxic concentrations of pollutants such as, cyanide, a11Dllonia and
phenolic compounds.

Since these experiments were carried out over

only 6 hours it could not be determined if the larvae that settled
in the waters from Port Kembla Harbour survived as adults.
Therefore, an experiment was undertaken to determine the effect
of Port Kembla Harbour water on adults from Wollongong Harbour.
This involved transferring mature co11Dllunities from Wollongong
Harbour to Port Kembla Harbour.

The reciprocal transfer of mature

c011DI1unities from Port Kembla Harbour to Wollongong Harbour, was also
carried out to observe any· effects the 'cleaner' environmental
conditions in the control area might have on co11Dllunities developed
in the polluted conditions in Port Kembla Harbour (Section 3.15).
8.2

Results
A total of 44 fouling species were recorded during the

census of the fouling c011DI1unities in this experiment (Table 8.1).
At the end of the experiment control replicates (panels) from
Wollongong Harbour (Section 3.15) and the Tug berth contained 24 and
23 fouling animals respectively whilst those transferred from

N

0
N

TABLE 8.1

Systematic list of the marine fouling species recorded for the panel transference
experiment . The frequency of occurrence of each species is given for each type
of community.
Frequency of Occurrence
(max.n = 72)
I

Phylum

Animal Type

Control
WH
PKH

Taxonomic Name

'-..,

Bryozoa

•

Arthropodaria sp.
Beania magellanica (Busk)

Transferred
From
WH
PKH

1

9

42

25

Bowerbankia sp.

16

55

Bugula avicularia (Linneaus)

60

70

5

7

Bugula neritina (Linneaus)
Celleporaria sp.

23

Conopeum tenuissimum

10

Cryptosula pallansiana
Tricellaria sp.
Watersipora cucullata (Busk)
Watersipora subovoidea

26

27

6

1

1

2

16

25

8

3

7

3

d'Orbigny

3

Sp. No. 41

2

1

Sp. No. 47

20

3

Sp. No. 62

1

16

Unidentified sp. 1

21

Unidentified sp. 2

1

(")

0

N

TABLE 8.1

(Cont'd)
of Occurrence
(max. n = 72)

Freguenc~

I

Phylum

Animal Type

Taxonomic Name

Chordata

Ascidian

Ascidia sp.

Control
WH
PKH
2

2

Pallas

9

39

Linneaus

71

72

Diplosoma sp.

31

61

Styela plicata Lesueur

36

13

Sp. No.53

7

-

1

Sp. No.54

10

-

1

Botryllus schlosseri
Ciona intestinalis

Coelentrata

Hydro id

Obelia sp. (1)

5

Obelia sp. (2)

Crustacea

I

Transferred
From
WH .
PKH

Anemone

Unidentified sp.

Barnacle

Balanus amphitrite amphitrite
Balanus trigonus

4

9

2

32

1

Darwin

Balanus variegatua

Darwin

µarwin

23

I

2

71

70

13
70

71
1

64

72

66

...j

0
N

TABLE 8.1

(Cont'd)

of Occurrence
(max.n = 72)

Freguenc~

Control
WH
PKH

Ph~lum

Animal Type

Taxonomic Name

Crustacea

Barnacle

Balanus sp.

Mollusca

Bivalve

Anomia descripta

--

2

-

-

7

1

2

Lamarck

31

Rioja

Iredale

Crassostrea commercialis (Iredale and
Roughley)
Polychaeta

Serpulid

Galeolaria caespitosa

Hidroides brachiacantha

Hydroides elegans (Haswell)
J anua s teuri

Sterzinger

Pileolaria lateralis

Porifera

Sponge

Claparede

-

16

17

2

17

11

I 17

37

21

-

-

40

72

72

72

72

72

1

71

53

67

-

20

45

3

1

2

-

4

Pomatoceros sp.

-

Pomatostegus sp.

1

Spirobranchus sp.

2

Leuconia sp.

4
-

Leucosolenia sp. (1)
Leucosolenia sp. (2)
Sycon sp.

I

Transferred
From
WH
PKH

-

I

I

I

-

I

-

70

I

9

10

I 53

6

48

9
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Wollongong Harbour and the Tug berth were found to contain 32
and 24 species respectively.

Plate 8.1 shows the fouling

connnunities present on both the control and experimental panels
at the end of the experiment.
The results of the classification of the replicate data
are given in Figure 8.1.

The dendrogram was truncated at the 4

group level and all groups were shown to be statistically
significant (Sandland and Young, 1979 a, b).

At this level of

information, all replicates were clustered within their appropriate
replicate grouping.

In the classification the primary split in

the data was between replicates collected at the end of the
experiment from Wollongong Harbour (Group A:

i.e. control panels

from Wollongong Harbour and panels transferred from the Tug berth)
and those taken up at the end of the experiment from the Tug berth
(Group B:

i.e. control panels from the Tug berth and panels

transferred from Wollongong Harbour).

The diagnostic of the

classification, GROUPER, lists the species which were most
important in the fusion of these two groups (Table 8.2).

It can be

seen that replicates in Group A contained many species (10) which
did not occur on replicates from Group B.

The most frequently

occurring of these species were the serpulids Hydroides bracbyacantba
and Spirobranchus sp., the barnacles Balanus sp. and Balanus trigonus
and the bryozoan Conopeum sp .. Similarly, replicates in Group B were
found to contain many species (12) which were not present on
replicates from Group A.

Most of these species occurred very

Development of fouling communities on
experimental and control panels at end
of transference experiment.

Plate 8.1

A.

Control replicate from Wollongong Harbour.

B.

Replicate transferred from Wollongong
Harbour.

C.

Control replicate from Tug berth.

D.

Replicate transferred from Tug berth.

A

B

c

FIGURE 8.1

Dendrogram of CENPERC classification of replicates
from the transference experiment.

Letters indicate replicate group type.

A:

Replicates collected at end of experiment
from Wollongong Harbour.

B:

Replicates collected at end of experiment
from Tug berth.

C:

Replicates transferred from Wollongong
Harbour.

D:

Control replicates, Tug berth.

E:

Replicates transferred from Tug berth.

F:

Control replicates, Wollongong Harbour.
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TABLE 8.2

The results of the GROUPER analysis for Group A
(Wollongong Harbour, control; Tug berth,
transferred) and Group B (Wollongong Harbour,
transferred; Tug berth, control).
Listed below are those species which were most
important in the fusion of these two groups.
The mean occurrence of each species is given for
each group.

Group A .
Species
Mean

Group B
Species
Mean

Species
Contribution

Leucosolenia sp. (2)

0.250

0.000

1.000

Conopeum sp.

0.625

0.000

1.000

Pomatostegus sp.

0.313

0.000

1.000

Spirobranchus sp.

0.625

0.000

1.000

Balanus trigonus

0.875

0.000

1.000

Bryozoan sp. 62

0.063

0.000

1.000

Hydroides brachyacantha

3.813

0.000

1.000

Balanus sp.

1.125

0.000

1.000

Ciona intestinalis

0.000

8.938

1.000

BotfYllus schlosseri

0.000

3.000

1.000

Bugula avicularia

0.000

8.125

1.000 ·

Bowerbankia sp.

0.000

4.438

1.000

Bugula neritina

0.000

o. 7_50

1.000

Sycon .sp.

0.000

3.375

1.000 .

Diplosoma sp.

0.000

5.750

1.000

Styela plicata

0.000

3.063

1.000

Leucosolenia sp. (1)

0.000

3.938

1.000

Leuconia sp.

0.000

4.938

1.000

Obelia sp. (2)

0.000

2.125

1.000

Ascidia sp.

0.000

0.250

1.000

Bryozoan (sp. 1)

0.063

0.000

1.000

Bryozoan (sp. 2)

0.063

0.000

1.000

Taxonomic 'Name
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frequently on the replicates however, and the most abundant of
these animals were the ascidians, Ciona intestinalis and
Diplosoma sp., the bryqzoans Bugula avicularia and Bowerbankia sp.
and the sponge Leuconia sp .•
A further division in the data occurred within the
replicates of Group B.

In this secondary division replicates

transferred from Wollongong Harbour (Group C) were separated from
control replicates submerged at the Tug berth (Group D).

GROUPER

showed that replicates transferred from Wollongong Harbour
contained many more species (9) than control replicates from the
Tug berth (Table 8.3).

Of these species, those which occurred

most frequently were the bryozoans Celleporaria sp., Tricellaria sp.
and Beania magellanica and the serpulids Galeolaria caespitosa and
Pileolaria lateralis.

Only two fouling animals were found to occur

only on replicates from Group D, and these were the ascidians
Sp. Nos . 53 and 54.

The final significant division in the replicates produced
by the classification separated replicates from Group A into two

groups.

The first group comprised replicates which had been

transferred from the Tug berth (Group E) and the other group
contained control replicates from Wollongong Harbour (Group F).

In

Table 8.4 the species which were most important in this division are
given.

As in the diagnostic produced for the primary vector, it can

be seen that the replicates in each group contained several species
(8) which were not present on replicates in the other group.

For

example, those which occurred most frequently on replicates in
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TABLE 8.3

The results of the GROUPER analysis for Group C
(Wollongong Harbour, t ·r ansferred) and Group D
(Tug berth, control). Listed below are those
species which were most important in the fusion
of these two groups. The mean occurrence of each
species is given for each group.

Group C
Species
Mean

Group D
Species
Mean

Species
Contribution

Arthropodaria sp.

1.125

0.000

1.000

Pileolaria lateralis

2.500

0.000

1.000

Watersipora cucullata

1.000

0.000

1.000

Beania magellanica

3.125

0.000

1.000

Galeolaria caespitosa

2.125

0.000

1.000

Tricellaria sp.

2.000

0.000

1.000

Celleporaria sp.

3.375

0.000

1.000

Anemone sp.

0.250

0.000

1.000

Bryozoan sp. 41

0.125

0.000

1.000

Bryozoan sp. 47

0.375

0.000

1.000

Cryptosula pallansiana

0.250

0.000

1.000

Ascidian sp. 54

0.000

1.250

1.000

Ascidian sp. 53

0.000

0.875

1.000

Janua sp.

8.875

0.125

0.972

Obelia sp. (2)

4.000

0.250

0.882

Taxonomic Name
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TABLE 8.4

The results of the GROUPER analysis for Group E
(Tug berth, transferred) and Group F (Wollongong
Harbour, control). Listed below are those
species which were most important in the fusion
of these two groups. The mean occurrence of
each species is given for each group.

Group E
Species
Mean

Group F
Species
Mean

Species
Contribution

Arthropodaria sp.

0.000

0.125

1.000

Obelia sp. (1)

0.000

0.500

1.000

Leucosolenia sp. (2)

0.000

0.500

1.000

Tricellaria sp.

0.000

0.250

1.000

Conopeum sp.

0.000

1.250

1.000

Anemone sp.

0.000

0.125

1.000

Bryozoan sp. 41

0.000

0.250

1.000

Bryozoan sp. 62

0.000

0.125

1.000

Watersipora subovoidea

0.375

0.000

1.000

Cryptosula pallansiana

0.125

0.000

1.000

Anomia descripta

0.250

0.000

1.000

Pomatoceros sp.

0.250

0.000

1.000

Bryozoan (sp. 1)

0.125

0.000

1.000

Ascidian sp. 54

0.125

0.000

1.000

Ascidian sp. 53

0.125

0.000

1.000

Bryozoan (sp. 2)

0.125

0.000

1.000

Taxonomic Name
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Group E were the bryozoan Watersipora cucullata, the bivalve
Anomia descripta and the serpulid Pomatoceros sp., and those
which occurred most abundantly on replicates from Group F were
the encrusting bryozoan Conopeum sp., the hydroid Obelia sp. 1,
and the sponge Leucosolenia sp. 2.
8.3

Discussion
The primary division of the classification showed that

at the end of the experiment fouling communities that had been
transferred from Wollongong Harbour to the Tug berth were more
similar to communities at the Tug berth than to control
communities in Wollongong Harbour.

This was because they were

found to contain many species, particularly ascidians, sponges
and certain bryozoans, which occurred only in control communities
from the Tug berth.

Communities transferred from Wollongong

Harbour were also shown to be different from control communities
in Wollongong Harbour since they did not contain some species
which were recorded for these control communities.

This may have

been because these species settled in the control communities
after the communities in Wollongong Harbour had been transferred.
However, during the transference it was noted that Conopeum sp.
an encrusting bryozoan was present on panels that were transferred
from Wollongong Harbour to the Tug berth.

Since at the end of the

experiment this species was not ·recorded in the transferred
communities at the Tug berth it is assumed that it was either killed
by toxic concentrations of pollutants in the harbour or was overgrown
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by species from the Tug berth.

The latter explanation is thought

to be most likely, and is discussed in greater detail below.
The secondary division of the classification indicated that
the connnunities transferred from Wollongong Harbour were
different to the control connnunities at the Tug berth because they
contained some species, particularly bryozoans and polychaetes,
which occurred only in connnunities in Wollongong Harbour.

This

result suggests that these adults were able to survive the
polluted conditions in Port Kembla Harbour aft.e r they had been
transferred.

During the census of these connnunities it was

observed however that many of these adult species wer,e being
overgrown by species which had settled in these communities after
they had been transferred to the Tug berth.

Many of the species

which survived the transference from Wollongong Harbour to the
Tug berth were suggested to have been inhibitory species in the
communities in the control area of the main study (Section 4.3.4).
Once transferred to Port Kembla Harbour it would appear that these
species did not inhibit settlement, but were themselves overgrown
by pollution-tolerant species.

Their inability to inhibit

settlement in their new environment may have been due to sublethal
toxic effects (e.g. reduction in feeding ability) on these species.
In addition, these species may have been outcompeted for space in
Port Kembla Harbour by the faster growing pollution-tolerant
species which were more efficient in utilising the higher levels of
productivity in this area.

At the end of the experiment the

connnunities transferred from Wollongong Harbour consisted of a mixture
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of species from both Wollongong Harbour and the Tug berth, and
is the reason why these communities had a greater species
richness than the other communities (Section 8.2) developed in
the experiment.
Communities transferred from the Tug berth to
Wollongong Harbour were shown by the primary division of the
classification to be more similar to control communities in
Wollongong Harbour than ·t o those in Port Kembla Harbour.
Surprisingly, many of the pollution-tolerant species (e.g. Ciona
intestinalis, Botryllus schlosseri, Bugula avicularia) which were
observed to have been present on the panels from the Tug berth
before the transference took place, did not survive in
Wollongong Harbour and were not recorded at the end of the
experiment in these communities (Table 8.2).

The transferred

communities were shown by the classification to have been more
similar to those from Wollongong Harbour, not only because they
did not contain these pollution-tolerant species, but also
because they were found to contain species which occurred only in
communities in Wollongong Harbour.

The reason for the elimination

of the apparently pollution-tolerant species from communities
transferred from the Tug berth to Wollongong Harbour was not due
to their being overgrown by species from Wollongong Harbour.
Rather, observations during the census of these communities
suggested that their disappearance after the transference to
Wollongong Harbour was due to the fact that they could not survive
in the cleaner, less productive conditions in Wollongong Harbour.
At the end of the experiment it was noticed that the panels
transferred from the Tug berth contained a great deal of free space.
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The organisms which had been on the panels prior to the
transference had not been overgrown but had died and fallen off
the panels during submergence in Wollongong Harbour.

For example,

the bases of barnacles were all that remained of many of the
individuals that had disappeared (Plate 8 . lD). This type of
reaction by adult fouling organisms to decreased levels of
nutrients was observed by Evans (1977).

He found that 90% of

the biomass of fouling cominunities fell from panels after they
had been transferred from a nutrient rich environment to a
relatively low nutrient environment.
After many of the species from the Tug berth had fallen
from the panels the resultant free space was occupied by species
from within Wollongong Harbour.

Despite their similarity to

communities in Wollongong Harbour those communities transferred
from Port Kembla Harbour were different since they contained
several species (e.g. Watersipora subovoidea, ascidian sp. 53,
ascidian sp. 54) which occurred only in communities from the
Tug berth.

This was shown by the third division of the

classification.

These species were apparently able to survive in

the lower nutrient conditions in Wollongong Harbour, although they
were not found to be very abundant in the transferred communities.
It would seem that, like their larvae, most adult
fouling organisms were not killed directly by exposure to the
polluted conditions in Port Kembla Harbour, but may have suffered
from sublethal effects of pollutant concentrations in this area.
Apart from this result the transference experiment also showed
that the high productivity and the resultant rapid growth rates
in Port Kembla Harbour markedly affected the development of
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fouling connnunities as suggested in Chapter 6.

8.4

Summary
1.

Fouling connnunities transferred from Wollongong

Harbour to the Tug berth in Port Kembla Harbour were more similar
to control communities at the Tug berth than to control
connnunities in Wollongong Harbour, containing many species which
occurred only in communities from the Tug berth, as well as some
species which were recorded for the control connnunities in
Wollongong Harbour.

Species recorded in control communities from

Wollongong Harbour and not in those transferred to the Tug berth
(e.g. Conopeum sp.) were thought to have been killed by toxic
concentrations of pollutants in the harbour or overgrown by more
competitive species.
2.

The fouling communities transferred from Wollongong

Harbour were different from control communities at the Tug berth
as they contained species such as bryozoans and polychaetes,
which were considered to be inhibitory species in Wollongong
Harbour communities.

These species were able to survive the

polluted conditions in Port Kembla Harbour but did not inhibit
settlement as they were overgrown by pollution-tolerant species.
3.

Connnunities transferred from the Tug berth to

Wollongong Harbour were more similar to control communities in
Wollongong Harbour than to those in Port Kembla Harbour .

Many

of the pollution-tolerant species did not survive in Wollongong
Harbour after they were transferred from the Tug berth.

This

was attributed to the fact that these animals could not tolerate
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the less productive conditions in Wollongong Harbour.

Space once

occupied by these pollution-tolerant species was occupied by
species from within Wollongong Harbour.
4.

Communities transferred from the Tug berth were

different from those from Wollongong Harbour since they contained
several species which occurred only in communities from the
Tug berth.
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CHAPTER 9

GENERAL DISCUSSION AND CONCLUSIONS

The broad effects of pollution on the fouling communities
in Port Kembla Harbour can be described if the total development
of the conununities at each site is . considered .

The communities in

Port Kembla Harbour were found to contain fewer species,
particularly bryozoans, than the communities in Wollongong Harbour .
Within Port Kembla Harbour itself, the species richness of the
communities was recorded to decrease as the pollutant concentrations
increased along the pollution gradient from the outer harbour to the
inner harbour.

It was also found, that although species richness

was lower in Port Kembla Harbour than Wollongong Harbour there were
several, presumably pollution-tolerant

species,whose abundance was

increased in P·o rt Kembla Harbour.
These general results are similar to those produced by
many other studies, in fact, they are similar to those predicted by
some theories regarding the .e ffects of pollution on aquatic
communities.

Like these theories, the results of this study have

shown that pollution may affect

c~nities

by eliminating

sensitive species from the environment and by favouring the
establishment of pollution-tolerant species which are able to
increase in abundance as a result .o f reduced competitive pressures.
Although these results provided useful information concerning the
gross effects of pollution on the fouling communities in Port Kembla
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Harbour they did not show the nature of the processes involved.
From an ecological point of view, it is perhaps better to
consider the processes involved than the final effects achieved,
since an understanding of these processes can highlight more
subtle effects which may remain undetected in static, non- temporal
surveys of the environment.
The multivariate classification showed that the
development of the fouling communities in Port Kembla Harbour was
different to that which occurred in Wollongong Harbour.
Community development in the polluted environment of Port Kembla
Harbour was found to involve fewer species, for example, bryozoans,
and was also found to involve some species which did not occur in
the control area.

In addition to this result, the classification

demonstrated that the early stages of community development in
Port Kembla Harbour were different from the later stages of
developmen·t since they were composed of different assemblages of
species.

While the results of the classification described the

major differences in the development of the fouling communities in
the two study areas, the ordination analysis described the main
successional changes within the communities from each area.
The major pattern of development in the communities from
Wollongong Harbour involved inhibitory interactions, whereby species
such as bryozoans and polychaetes colonised the early communities
and stayed on throughout the rest of the development of these
communities.

Since these interactions were very important in

these communities the settlement of new species during community
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development was not marked, and consequently the early stages of
community development were not clearly different from the later
stages of development.

This type of succession is equivalent to

the model of inhibitory succession which was proposed by
Connell and Slatyer (1977).
While community development in Wollongong Harbour was
influenced by the inhibitory interactions of species, the
development in Port Kembla . Harbour involved a simplified form
of classical succession.

Instead of inhibitory interactions

prevailing in these communities, a process of species replacement
provided the major pattern of development in the experimental
area.

Fewer species were found to stay throughout community

development in Port Kembla Harbour than in Wollongong Harbour . . This
was because many of the inhibitory species in the control area did
not occur in the polluted conditions of Port Kembla Harbour.
Decreased inhibition in the experimental area, allowed a more
regular pattern of species replacement to prevail, whereby species
which established first in the communities (e.g. ascidians) were
gradually replaced by a second assemblage of species (e.g. bivalves).
In this instance pollution was acting as an artificial
disturbance since it was responsible for determining the types of
interactions which took place in the communities.

In Port Kembla

Harbour, pollution, in removing species capable of inhibiting
the settlement of other fouling animals, changed the entire system
of interactions in these communities.

As a result, the ensuing

developmental processes were determined not only by a different

221
set of competitive interactions, but also by the life histories
of species which were able to settle.

Natural physical

disturbances have been shown to act in a similar manner by
changing the species occurring in connnunities, and consequently
altering the extent to which interactions between species occur
(e.g. Menge, 1978 a, b).

Perhaps the most important feature of this study is that
it indicated that the pollution in Port Kembla Harbour had
affected the fouling connnunities in subtle or indirect ways.

The

disappearance of species capable of inhibiting the settlement and/or
growth of other species in connnunities in the experimental area was
probably not due to the acute, toxic effects of pollutants, but
rather to chronic, sublethal effects of pollutants, particularly
cyanides, ammonias and phenols.

Experiments which investigated

the effects of water .from Port Kembla Harbour on larvae showed the
retardation of settlement of 2 species of bryozoans.
Experiments involving the transference of adult fouling
animals from Wollongong Harbour to Port Kembla Harbour showed no
acute toxic effects on these animals, but showed that they were
overgrown by pollution-tolerant species whose growth rates were
found to have been accelerated due to the high abundance of food
species which used certain pollutants for their nutritional
requirements.

This rapid growth of fouling species was also

thought to have had a profound effect on the development and
succession of the coJI1I1Unities in the experimental area.

When

transferred to the control area the pollution-tolerant species
from Port Kembla Harbour were found to die and drop from the
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panels, probably due to their inability to survive in the low
nutrient conditions and emphasizing the dependence of these
pollution-tolerant species on the highly productive environment
in the experimental area.
The initial development of communities in Port Kembla
Harbour was found to involve a greater number of species than
that of communities in Wollongong Harbour.

This enhanced

development in Port Kembla Harbour was shown to be indirectly
caused by pollution.

Surveys of the communities in both areas

indicated that the turbidity resulting from the pollutants in
Port Kembla Harbour was responsible for decreasing the number of
macroalgae in the initial stages of community development in
this area.

This reduction or elimination of macroalgae provided

an abundance of free space on which fouling organisms could
settle.

Consequently, the initial development of communities in

Port Kembla Harbour was more rapid than that in the control area.
Contrary to most theories regarding the ·effe·c ts of pollution,
in this instance, the industrial pollution in the experimental
area was responsible for enhancing the initial development of the
fouling communities.
This study has not only

describe~

the effects of

pollutants on the marine fouling communities in Port Kembla
Harbour, but has also provided information concerning the
mechanisms involved in the development of the different communities.
In so doing, it has shown that the effects of pollution are complex
and are not only due to direct toxicity, but may be caused indirectly
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in a more subtle manner.

Tiie indirect effects attributed to

industrial pollution in this study could not have been illucidated
without considering the temporal changes in the communities.
Consequently it is proposed that a realistic view of the nature
of the effects of pollution on connnunities can only be achieved
if the temporal pattern of connnunity development is investigated.
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APPENDIX 3.1

PORT KEMBLA YARBOUR
Intertidal

Animals

Outer Harbour Entrance (Fig. 3.1)
Animal Type

Taxonomic Name

1

Barnacle

Tetraclitella purapurascens

2

Barnacle

Tesseropera rosea

3

Barnacle

Chamaesipho c·olumna

4

Mollusc

Crassostrea connnerc ial is

5

Mollusc

Littorina unifasciata

6

Mollusc

Cellana tramoserica

7

Mollusc

Morula marginalba

8

Mollusc

Patelloida alticostata

9

Mollusc

Dicathais orbita

10

Mollusc

Siphonaria dimenensis

11

Mollusc

Bembicium nanum

12

Serpulid

Galeolaria caespitosa

13

Ascidian

~ura

Species No.

preputialis

Tug Berth (Fig. 3.1)
Animal Type

Taxonomic Name

1

Barnacle

Chamaesipho columna

2

Mollusc

Littorina unifasciata

Species No.

Ro-Ro Berth (Fig. 3.1)
No intertidal animals observed
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Appendix 3.1 (cont'd)

Fouling

Animals

Oil Berth
Species No.

*

Animal Type

Taxonomic Name

l*

Barnacle

Balanus variegatus

2*

Barnacle

Balanus amphitrite amphitrite

3*

Ascidian

Styela plicata

4

Ascidian

Botryllus schlosseri

5*

Serpulid

Hydroides elegans

6*

Serpulid

Janua steuri

7*

Bryozoan

Bugula avicularia

8

Bryozoan

Watersipora subovoidea

9*

Bivalve

Anomia descripta

10*

Bivalve

Crassostrea commercialis

11

Sponge

(Unidentified)

Present in communities of 15 months development (winter 'start')
at the Oil Berth.

Tug Berth
Animal Type

Taxonomic Name

1*

Barnacle

Balanus variegatus

2*

Barnacle

Balanus amphitrite amphitrite

3*

Ascidian

Styela plicata

4*

Ascidian

Botryllus schlosseri

5*

Bryozoan

Bugula avicularia

6*

Bryozoan

Bowerbankia sp.

7*
8*

Bryozoan

Arthropodaria sp.

Serpulid

Hydroides elegans

Species No.
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Appendix 3.1 (cont'd)
Tug Berth (Cont'd)
Species No.

*

Animal Type

Taxonomic Name

9*

Bivalve

Anomia descripta

10*

Sponge

Leucosolenia sp. (1)

11

Sponge

(Unidentified)

12

Anemone

(Unidentified)

Present in communities of 15 months development (winter 'start')
at the Tug Berth.

Ro-Ro ·Berth
Animal Type

Taxonomic Name

l*

Barnacle

2*

Barnacle

Bal anus variegatus
Bal anus amphitrite amphitrite

3*

Ascidian

Styela plicata

4*

Ascidian

Botryllus schlosseri

5*

Serpulid

Hydro ides elegans

6

Serpulid

Janua steuri

7*

Bryozoan

Bugula avicularia

8

Bryozoan

Bugula neritina

9*

Bryozoan

Bowerbankia sp.

10*

Bivalve

Anomia descripta

11*

Bivalve

Crassostrea connnercialis

12*

Anemone

(Unidentified)

Species No.

* Present in coUllDllnities of 15 months development (winter 'start')
at the Ro-Ro Berth.

283
Appendix 3.1 (cont'd)
WOLLONGONG HARBOUR
Intertidal

Animals

Belmore Basin (Fig. 3.2)
Species No.

Animal Type

Taxonomic Name

1

Barnacle

Tetraclitella purapurascens

2

Barnacle

Tesseropera rosea

3

Barnacle

Chthamalus antennatus

4

Barnacle

Chamaesipho columna

5

Ascidian

Pyura preputialis

6

Mollusc

Littorina unifasciata

7

Mollusc

Morula marginalba

8

Mollusc

Sypharochiton septentriones

9

Mollusc

Cellana tramoserica

10

Mollusc

Bemb ic ium nanum

11

Mollusc

Siehonaria dimenensis

12

Mollusc

Siphonaria virgulata

13

Mollusc

Montfortula conoidea

14

Mollusc

Patelloida alticostata

15

Mollusc

Dicathais orbita

16

Mollusc

Notoacmaea petterdi

17

Mollusc

Crassostrea commercialis

18

Serpulid

Galeolaria caespitosa

19

Anemone

Actinia australis
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Appendix 3.1 (Cont'd)
Fouling Animals
Belmore Basin
Animal Type

Taxonomic Name

l*

Barnacle

Balanus variegatus

2

Ascidian

Pyura preputialis

3

Ascidian

(Unidentified)

4*

Serpulid

Galeolaria caespitosa

5*

Serpulid

Hydro ides elegans

6*

Serpulid

Janua sp.

7*

Serpulid

Pileolaria lateralis

8*

Bryozoan

Watersipora cucullata

9

Bryozoan

Bowerbankia sp.

10*

Bryozoan

Beania magellanica

11*

Bryozoan

Celle:eoraria sp.

12

Bryozoan

(Unidentified)

13*

Bivalve

Crassostrea conmercialis

14*

Sponge

Sycon sp.

15

Sponge

(Unidentified)

16

Sponge

(Unidentified)

17

Sponge

(Unidentified)

18

Sponge

(Unidentified)

19*

Hydroid

Obelia sp. (2)

20

Coral
(solitary)

(Unidentified)

21

Anemone

(Unidentified)

Species No.

*

Present in communities of 12 months development (summer 'start')
in Wollongong Harbour

APPENDIX 3.2

Record of the number of panels (replicates) collected during the
main study. Four panels make up a replicate group.

*
**

Not included in analysis;

0

One panel of replicate group destroyed.

+

Two panels of replicate group destroyed.

contained all zero entries.

Two panels of replicate group not included in analysis;
contained all zero entries.

II')

00
N

Site

Sampling
Period
Season
'Start'

No. of Panels
2

5

weeks

weeks

months

*4
*4
**4

4
4
4

4
4
4

Wollongong Harbour
Wollongong Harbour
Wollongong Harbour

Winter (a)
Winter (b)
Sunnner

Oil Berth
Oil Berth

Winter
Sunnner

*4
4

4
4

Tug Berth
Tug Berth

Winter
Summer

*4
4

Ro-Ro Berth
Ro-Ro Berth

Winter
Summer

*4
4

2

3
months

4
4

6

months

-

9

months

-

12
months

-

15
months

-

4

4
4

4
4

4

--

4
4

4
4

4
4

4
4

4
4

3

4
4

4
4

4
4

4
4

4
4

4
4

4
4

4
4

4
4

4
4

03
4

03

4

+2

3

-

2

-

APPENDIX 3.3

Marine fouling species reference list.
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SPECIES LIST.
Animal Type

Taxonomic Name

1

Serpulid

Hydroides elegans (Haswell)

2

Serpulid

Janua steuri

3

Bryozoan

Bugula avicularia (Linneaus)

4

Ascidian

Botryllus schlosseri

5

Ascidian

Ciona intestinalis

6

Bryozoan

Bowerbankia sp.

7

Barnacle

Balanus amphitrite amphitrite

8

Sponge

Leucosolenia sp.(l)

9

Barnacle

Balanus variegatus

10

Bryozoan

Arthropodaria sp.

11

Hydro id

Obelia

12

Bryozoan

Bugula neritina (Linneaus)

13

Ascidian

Diplosoma sp.

14

Ascidian

Ascidia sp.

15

Bivalve

Barbatia sp.

16

Ascidian

Molgula sp.

17

Serpulid

Pileolaria lateralis

18

Hydro id

Obelia sp.(2)

19

Sponge

Sycon sp.

20

Bryozoan

Watersipora cucullata (Busk)

21

Ascidian

Pyura sp.

22

Bryozoan

Beania magellanica (Busk)

23

Bryozoan

Conopeum sp.

24

Serpulid

Galeolaria caespitosa

25

Sponge

Leucosolenia sp. (2)

26

Bryozoan

Cryptosula sp.

27

Hydro id

Tubularia australis (Stechow)

28

Bryozoan

Tricellaria sp.

29

Bryozoan

Aetea sp.

30

Bryozoan

Celleporaria sp.

31

Bivalve

Anomia descripta

32

Ascidian

Styela plicata

33

Hydro id

Bimeria sp.

Species No.

SP.

Sterzinger
Pallas
Linneaus

Darwin

(1)

- Clapar~de

Lamarck.

Iredale
Lesueur

Darwin
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SPECIES LIST
Species No.

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

(Cont'd)
Animal Type

Taxonomic Name

Sponge

Leuconia sp. (1 )

Serpulid

Pomatoceros sp.

Bryozoan

Conopeum tenuissimum

Serpulid

Pomatostegus sp.

Ascidian
Serpulid

Filograna implexa (Berkeley)

Anemone
Bryozoan
Serpulid

Spirobranchus sp.

Bryozoan

Watersipora subovoidea

Sponge

Leuconia sp. (2)

Barnacle

Balanus trigonus

Hydro id

Eudendrium sp.

d'Orbigny

Darwin

Bryozoan
Bivalve
Bryozoan

Crassostrea commercialis {Iredale and
Roughley)
Cryptosula pallansiana

Hydro id
Hydro id
Hydro id

Syncoryne sp.

Ascidian

54
55
56
57
58
59
60
61
62
63

Ascidian

64
65
66
67
68

Bryozoan

Anemone
Bivalve
Serpulid

Galeolaria hystrix

Morch

Hydro id
Ascidian
Hydro id
Bryozoan

Myosoma sp.

Bryozoan
Bryozoan
Sponge

Halisarca sp.

Bryozoan
Polychaete
Bryozoan

Hydroides brachyacantha

Rioja

DESCRIPTION OF FOULING SPECIES

20mm.

Species No.l:

Hydroides elegans (Haswell)

Description:

Serpulid: with white
sinusoidal tube.
Diameter of tube decreases
towards tail.
Collar setae: Bayonet type.
Thoracic setae: Sword type.
Tube attached flat to
surface.
In crowded conditions, tube
opening extended upwards.
Two types of opercula (see
diagram) a. double
b. simple.
Sometimes up to two opercula
in tube.

a

3mm.

Species No.2:
Description:
Brood chamber

(redrawn from Knight-Jones et. al., 1974)

Janua steuri

Sterzinger

Serpulid: dextrally coiled.
3 prominent ridges on tube.
Yellowish-white tube.
Tube openings extend upwards
in crowded conditions.
Operculum has brood chamber
lightly impregnated with
calcified spicules.
Observed up to 44 eggs in
chamber.
Operculum contains primary and
secondary plates.
Operculum in early developmental
stage - has only a simple
single plate.

Species No.3:

Bugula avicularia
(Linneaus)

Description:

Branching bryozoan colony.
Yellowish-white in colour.
Short spines, generally
2 on outer distal angle l on inner.
Pearly white ovicells,
avicularia (300 ;im length)
their length exceeding width
of cell.
Zooecia biserial.
Branches spirally arranged.

2mm.

(redrawn from Ryland, 1960).

60mm.

Species No.4:

Botryllus schlosseri

Pallas

Description:

Colonial ascidian, encrusting.
Zooids embedded into a
gelatinous matrix.
Tendency to grow over other
organisms.
Colour of colony, red, yellow,
purple and grey.
Zooids are arranged typically
in star shaped systems
although they may become
ladder-like.

Species No.5:

Ciona intestinalis

Description:

Solitary ascidian, with a soft
flexible transparent test.
Internal organs can be seen,
particularly in juveniles.
Stomach posterior to branchial
basket.
Body roughly cylindrical and
attached by its end or along
part of its body.
Siphons close together.
Mature specimens are coloured
pale yellow and grow from 70 150 DUil.

Linneaus

2

Species No.6:

Bowerbankia sp.

Description:

Colonial bryozoan. Vase/
sausage shaped zooid
attached to creeping
stolon.
Zooid 1 - 2 unn in
length.
Surface of zooid white to
translucent permitting
some internal structure
to be seen.

Species No.7:

Balanus amphitrite
amphitrite Darwin

Description:

Barnacle with 6 shell
plates.
Small carinolaterals.
Vertical red stripes
on cream shell.
Furrows on scutum.

Species No.8:

Leucosolenia sp. (1)

Description:

Encrusting sponge,
delicate, with matted
tubules.
White, soft, tissue thin,
creeping along substrate.
Oscula at ends of tubular
arms.

2mm.

(redrawn from Ryland, 1971).

reduced

13mm.

10mm.

reduced carinolateral
Species No. 9:

Balanus variegatus
Darwin

Description:

Barnacle with 6 shell
plates.
Small carinolaterals.
Vertical and horizontal
red stripes on cream
shell.
Furrows on scutum.
Base calcareous.
Steeply conical in shape
when crowded.

Species No.10:

Arthropodaria sp.

Description:

Colonial bryozoan with
individuals attached by
a creeping stolon.
White in colour.
Size of individuals 1.5 3 nun in length.
The stalk is smooth and
is constricted at
regular intervals;
gives a string of beads
appearance.

13mm.

3mm.
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Species No.11:

Obelia sp. (1)

Description:

Hydroid, white in colour
(colonial).
Polype sits in a cup
(hydrotheca).
Polype supported on stem.
Several constrictions
(8 - 10) in perisarc .
Individuals attached by a
creeping stolon
(hydrorhiza).
Length 4 - 6 mm.

6mm.

Species No.12:

Bugula neritina
(Linneaus)

Description:

Branching colonial
bryozoan.
Purplish brown colour
(living): Browntranslucent (dead).
Branches tend not to be
spirally arranged .
Spines generally absent.
Avicularia absent.
Ovic·ells attached to inner
distal angle of zooecia.
Opesia occupying whole of
frontal membrane.

2mm.

2

------

Species No.13:

Diplosoma sp.

Description:

Purple/grey colonial
ascidian.
Zooids embedded in a
colourless thin
gelatinous matrix.
There seems to be no
pattern to the
arrangement of zooids in
the matrix.

Species No.14:

Ascidia sp.

Description:

Solitary ascidian.
Transparent test;
internal organs can be
seen.
Stigmata straight.
Stomach at the side of the
branchial basket.
Attached to substrate via
one end, with the animal
tending to sit at an
angle or straight up.
Atrial siphon tending to
occur on the side of the
animal, or at right
angles to branchial siphon.

Species No.15:

Barbatia sp.

Description:

Bivalve.
Reddish lines on valves
giving animal pinkishred colour.
Radial sculpture on
outside of shell.

1mm.

7mm.

Species No .16:

Molgula sp.

Description:

Solitary ascidian.
Body rounded, test in young
animals white and semitransparent.
Tips of siphons yellow in
colour.
Stomach underneath
branchial basket.
Siphons close together.
Gut forms a loop.
Size of animal small (5 - 10 nm).
Animals attached by its base
with the two siphons on top of
the animal.
Protruding openings to siphons.

Species No .17:

Pileolaria lateralis
Clarapede

Description:

Serpulid; sinistrally
coiled.
Tube white, small, no
prominent ridging.
Characteristic developing
operculum (see diagram).

10mm.

-

-

--

-

--

(redrawn from Knight-Jones, 1978).

16mm.

Species No.18:

Obelia sp. (2)

Description:

Branching hydroid.
White in colour.
(Up to 2 - 3 ems in size).
Polype borne on a small stalk,
which has a number of
constrictions
in its
protective sheath (perisarc).
Polype is contained in a
hydro thee a.
The shoot itself has a zigzag
appearance instead of a
straight growth.
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Species No.19:

Sycon sp.

Description:

Solitary sponge (20 - 25 mm
in length).
Ovoid to tubular shape (cream
colour).
Attached by a small stalk to
the substrate.
Collar structure around
osculum.
Exterior of sponge hairy spiky.

Species No.20:

Watersipora cucullata (Busk)

Description:

Encrusting bryozoan.
Colony - black - radiating,
brittle, circular in outline
(red growing edges).
Zooecia urn shaped - orifice
arch shaped.
Numerous pseudopores.

Species No.21:

Pyura sp.

Description:

Solitary ascidian, convex in
shape (inverted saucer).
Body of the animal is not
transparent; slightly pinkish
colour, with the ends of the
two siphons being reddish in
colour. .
Test of animal accumulates
sediment .and other material.
It is fairly tough.
Siphons not protuberant.

15mm.

lmm.

9mm.
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1mm.

1mm.

Species No.22:

Beania magellanica (Busk)

Description:

Encrusting colonial bryozoan
(cream/brown colour).
Zooecia not in contact but
united by 6 side tubes.
Colony forms a delicate lacy
incrustation.
White-clear colour when
preserved.

Species No.23:

Conopeum sp.

Description:

Colonial bryozoan membranous .
Radiating type of growth.
Colour (preserved) - opaque/
whitish.

Species No.24:

Galeolaria caespitosa
Lamarck

Description:

Serpulid; cemented to substrate for most of its length.
Usually found in colonies
(between tide levels).
Tube is heavy, solid, rough
texture, with a flattened
groove (projects over the
mouth of tube).
White in colour.
Operculum: 3 - 4 calcareous
basal plates surrounded by an
outer fringe of small blunt
processes. From base of plates
arise nine movable calcareous
spines.

lSmm.

Species No.25:

~

Description:

· ~-~.t:: 'fr~"I;-..,,_,
41mi=s;::•:s=,,~

'?:?:=-·

I

Smm.

Leucosolenia sp. (2)
Encrusting sponge.
Sponge composed of many
calcareous spicules.
. Rough texture, cream in
colour, flattened appearance.

--

Species No.26:

Cryptosula sp.

Description:

Encrusting bryozoan colony,
radiating formation.
Living colonies yellow-brown
colour.
Orific·e with a collar~
Pseudopores dominant:
16 - 20/zooids.
Avicularia and spines absent.
Colony thin.
Orifice oblong in shape,
pinched in middle.

lmm.

Species No.27:
ription:

40mm.

2mm.

Tubularia australis
{Stechow)
Colonial hydroid.
Long thin gelatinous strands
with a flower like hydranth
at top.
Strands, translucent cream
in colour.
Individuals arise from a
connnon creeping stem.
Characteristic pink colour.
Each stalk bears a hydranth
on which two circlets of
tentacles are to be seen.
One circlet surrounds the
'head' close to the mouth:
the other is nearer its base.
Sporosacs borne between
circlets.
All tentacles become finer
towards the tips (Filiform)
Tentacles not ciliated.

Species No.28:

Tricellaria sp.

Description:

Colonial, branching
bryozoan.
Colour, yellowish-cream.
Numerous spines surrounding
zoo·e cia.
Biserial, with zooids grouped
in formations of three.
Projection over front of
zooecia.

Species No.29:

Aetea sp.

Description:

Colonial bryozoan, white in
colour.
Attached by a creeping stolen.
Erect branches - side
branches.
Zooecia calcified.
No spines.

Species No.30:

Celleporaria sp.

Description:

Encrusting colonial bryozoan.
White colony, radiating
type of growth.
Spines on front of orificial
collar (2 - 3).
7 - 9 pseudopores surrounding
orifice.
May develop spine overhanging top of orifice.

Species No.31:

Anomia descripta

Description:

Bivalve.
Very thin iridescent shells.
Lower valve small, thin,
flat and perforated by the
byssus attachment.
Upper valve larger and covers
lower valve

Species No.32:

Styela plicata

Description:

Solitary ascidian.
Body generally narrow at base,
widening towards free end.
Up to 10 ems, in length.
Grey surface with low
swellings and folds.
Branchial basket with 4 folds.
Stomach (yellow) ridged
longitudinally.
No liver.
Gonads present 2 on stomach
side of branchial basket, 4

3mm.

1mm.

20mm.

SO mm.

Iredale

Lesueur

on the other side.
Young specimens - opaque test.

2

Species No.33:

Bimeria sp.

Description:

Branched hydroid colony,
attached by a creeping
stolon.
Perisarc thick - dark.
Sporosacs borne
innnediately below polypes.

Species No.34:

Leuconia sp. (1)

Description:

Solitary sponge.
Erect and hairy (many
spicules).
Cream-brown colour.
Spines forming a collar
around osculum.
Sometimes with an outgrowth of the base.
Length, up to 80 nnns.

18mm.

20mm.

3
Species No.35:

Pomatoceros sp.

Description:

_.--

2 mm.

Serpulid: tube whitish
with a central vane
running along the length
of tube.
Tube circular in section.
---- Simple operculum; with thirt
white calcareous plate on
upper surf ac .e .
Opercular plate is flat or
slightly raised at one end.
Pedicle, long and smooth,
with a pair of wing-like
processes arising from
base of operculum.

Species No.36:

Conopeum tenuissimum

Description:

Encrusting bryozoan colony.
Colour; white (living).
Cale areous . ·
Frontal surface of each
zooid is membraneous.
Colony gives the
appearance of an open
lacework structure.

lmm.
(redrawn from Ryland, 1971).

15mm.

Species No.37:

Pomatostegus sp.

Description:

Serpulid.
White, solid (preserved).
Triangular shaped tube.
Single keel runs along
dorsal surface of tube.
Keel overhangs tube
opening.
Two parallel rows of
minute holes or pores
along sides - one row
just below keel - the
other just above basal
attachment.
Pedicel with winged
processes (see diagram).
Sometimes a small knob in
middle of opercular plate
(some variations).
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Species No.38:
Description:

Solitary ascidian.
Whitish transparent test
(juvenile).
Siphons yellowish.

10mm.

Species No.39:

Filograna implexa (Berkeley)

Description:

Serpulid.
White-cream colour.
Tubes entwined, forming a
compact mass of fine
tubules.
Operculum generally absent.

22mm.

8mm.

Species No.40:
Description:

White, solitary anemone.
Tentacles surrounding body
opening.
Small size (8 - 10 nun).

Species No.41:
Description:

1mm.

Colonial, encrusting
bryozoan.
White, calcareous.
Frontal membrane - calcified.
Collar with raised ascopore
(and two projections).
Can build up into a semispheric al shape.
Occurrence of opesiules
around orifice.

3 2
Species No.42:
Description:

Serpulid.
Tube reddish-pink, triangular
in section.
Marked serrated dorsal
ridge, projected over mouth
of tube.
Two smaller serrated ridges
run parallel along length of
tube (not distinct
sometimes).
Operculum - circular
calcareous plate - carrying
three bifurcated spines,
which bear small spines.

17mm.

Species No.43:

1mm. Description:

7mm

9mm.

sp~

Spirobranchus

Watersipora subovoidea
d 'Orbigny
Encrusting bryozoan.
Colony red/brown radiating,
brittle, circular in
outline.
Zooecia urn shaped - orifice
key-hole shaped.
Numerous pseudopores.

Species No.44:

Leuconia sp. (2)

Description:

Squat sponge, flat base,
attached to substrate.
Hairy appearance, with
central osculum.

Species No.45:

Balanus trigonus

Description:

Barnacle, moderate size (up
to 20 mm); conical shape.
Orifice distinctly triangular
in shape.
Orifice not deeply toothed.
Walls of plates: with
raised ribs (which are white).
Remainder of plate pink, in
colour (vertical stripes).
Scutum has longitudinal rows
(1 - 6) of small pits.

Darwin

Species No.46: Eudendrium sp .
Description:

12mm.

-- -

Colonial hydroid.
Hydranth with only one
circlet of filiform
tentacles.
No protective sheath, as in
Species No.19 (Athecata)
Brown on outside of stalk mature.
Manubrium of polype round trumpet shaped.
_ Sporosacs with many
branches (see diagram).

Species No.47:
Description:

lmm.

Encrusting colonial
bryozoan. White in
colour.
Radiating type growth circular colony.
Pseudopores along perimeter
of zooid.
Spines protruding from front
of orifice.
Ascopore situated on frontal
membrane.

Species No.48: Crassostrea commercialis
Iredale and Roughley.
Description:

50 .mm.

Bivalve; common rock oyster.
Bottom valve or shell firmly
cemented to substrate,
partially encloses animal.
Upper valve approximately
circular; wavy and
indented edges.
Upper valve rough and
scaly.
Juveni l e - brownish with
dark marking on top valve

Species No.49: Cryptosula pallaasiana
Description:

1mm~

Colonial bryozoan,
encrusting, white-green in
colour.
Numerous pseudopores larger than pores on
Watersipora spp. Slight
ridges formed between pores.
Slight constriction in
orificial collar.
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Species No.50:
Description:

12mm.

Colonial, branching,
hydroid - white in co l our.
Athecate - no noticeable
hydrotheca:
Perisarc forms collar
through which polype
emerges.
Branching - U shaped opposite.
Colony up to 15 mms in
height.

Species No.51:
Description:

Colonial bryozoan, erect,
branching: polypes white
with brown stems.
Tentacles ciliated.
No perisarc.
Most of ten covered with
sediment.

Species No.52:

Syncoryne sp.

Description:

Hydroid - solitary:
no hydrotheca.
Not attached to a
creeping stolon.
Hydranth - white, tentacles
capitate.

Species No.53:
Description:

(

10mm.

-~

Solitary ascidian.
Bright orange/red.
Test, folded between siphons
forming a distinct ridge.
Test, tough and leathery.

Species No.54:
Description:

7mm

Solitary ascidian.
Flattened appearance.
Siphons - protruberant,
positioned on top of animal,
close together, iridescent
green colour. Test tough, leathery - composed
of sand particles, etc.

---

- - - -- - - -

- ----

- -

-·--· ---

Species No.SS:
Description:

5mm.

6mm.

(redrawn from Dew, 1959).

Anemone,
colour.
Numerous
Attached
a narrow

white in
tentacles.
to substrate by
base.

Species No.56:
Description:

Bivalve - dirty white in
colour.
Concentric sculpture on
outside of shell.

Species No.57:

Galeolaria hystrix

Description:

Serpulid: tube with two
irregular ridges
enclosing central groove.
Ridges do not overhang tube
entrance.
Operculum: two systems of
spines.
One set of spines (short,
bent point) situated along
the outer circumference of
calcified plate.
Second set of spines
situated in a group in the
centre of opercular plate.
Consisting of two semicircles (long smooth
spines - and spines armed
with 8 - 10 teeth
(serrated)).
Tube colour pink - deep
rose (adult). Circular
in section.

M"orch
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Species No.58:
Description:

Colonial hydroid, erect,
branching.
Small, dark grey colour
(2 - 5 nun).
Perisarc present.
Three dimensional
branching.
Constrictions/corrugations
underneath each polype.

5mm.

Species No.59:

12mm.

Description:

Solitary ascidian, pink in
colour.
Leathery test - sediments
embedded in test.
Siphon tips reddish in
colour.

Species No.60:
Description:

10mm.

Colonial hydroid, erect,
branching.
Eight non-ciliated
tentacles.
Polypes - sausage shaped.
(Somewhat like a
Bowerbankia zooid).
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Species No.61:
Description:

lmm.

Myosoma sp.
Colonial bryozoan .
Attached by creeping stolon.
Spikes, protruding from
surface.
Polype relatively large.

Species No.62:
Description:

lmm.

Encrusting colonial bryozoan;
orange in colour.
Very similar to Species No.47,
except that pseudopores
cover the whole of frontal
surface.
Ascopore (raised) on orificial
collar.
Spines (usually 2 - 3)
protruding from front of
collar.

Species No.63:
Description:

1mm.

White, encrusting colonial
bryozoan.
Very large pseudopores (6 - 8
in number).
Peak (not well-defined
sometimes) on top of orifice.
No distinct orificial collar.
Small ascopore situated on
peak.
Spines present (1 - 3):
generally on zooids on
outside of colony.

Species No.64:
Description:

3mm.

30mm.

Colonial bryozoan.
Pink in colour.
Calcareous - solid forming
crown-like structure with
flattened base.
Numerous pores over surface:
tending to be greater in
density near base.

Species No.65:

Halisarca sp.

Description:

Smooth, cream sponge encrusting.
Numerous pores (oscula).
Grows over and around
other plants and
animals.

Species No.66:
Description:

lmm.

Encrusting colonial
bryozoan.
White in colour.
Ascopore on orificial
collar.
Two antler-like spines
protruding from front of
zooid.

1

Species No.67:

Hydroides bracn:yacantha
Rioja

Description:

Serpulid with white
sinusoidal tube.
Tube attached flat, to
substrate.
Tube round to squarish ·
with two well defined
ridges on top of tube.
Ridging more prominent
towards tail.
Shape of tube also more
angular towards tail.
Sometimes ridging may be
indistinct or absent.
Operculum of two parts:
l. Lower, simple cup with
crenulation, shape of
horses hoof.
2. Upper part, consisting
of 6 - 9 spines.
One of these spines is much larger in size.

L.mm.

Spines are stout and curved inwards.

Species No.68:
Description:

lmm.

Encrusting colonial bryozoan.
Whitish in colour.
Raised ascopore situated
on orificial collar.
Thick collar, especially
towards front of zooid.
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APPENDIX 3.4

Use of Numerical, Frequency and Binary Data
in Classification of Marine Fouling Communities

P. J. Moran
Department of Biology, University of Wollongong. Wollongong. N .S.W. 2500.

Abstract
A census was taken of marine fouling communities from three study sites by using four different methods.
The resulting data types (numerical with 100% subsampling; numerical with 56% subsampling; frequency:
and binary) were classified and the information derived from each classification was compared . The results
suggest that similar information is produced from classifications using either numerical 100%. numerical
56% or frequency data. Binary data when classified yielded less meaningful information .
A comparison of the information content of frequency and numerical data was performed by calculating
correlation coefficients for each sample. It was found that frequency values do not contain any less
information than numerical values.
During the census. the time required to complete each method was noted . Collecting frequency data was
found to be more time efficient than .collecting numerical data . Consequently it is suggested that when both
the costs (time expended) and benefits (information gained) of each data type are considered, frequency data
is the optimal form of data for use in the classification of sessile invertebrate communities.

Introduction
Numerical classification has provided the ecologist with an analytical tool capable
of extracting meaningful information from a complex assortment of data (Williams
1976). Several different types of data can and are being used in the classification of
ecological systems. This aspect of classification methodology has generated much
discussion but little agreement. It is the intention of this paper to determine the
usefulness of several common data types in the classification of ecological data.
Jn general. there are three major kinds of data commonly used in numerical
classification: numerical (quantitative), ranked (graded) and binary (qualitative) data .
It has been suggested that numerical data should be used wherever po~sible (GreigSmith 1964; Stephenson 1973). However, Done (1977) has shown that similar
information can be derived from dassifications using numencal, graded or binary
data. Lambert and Dale (1964) advocate the use of binary data in ecological
classifications. Furthermore, classifications of binary data have proved extremely
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us·efu1 in describing discontinuities in several ecological systems (Williams et al. 1968:
Williams et al. 1973; Moran 1980). The choice of data type will depend on the structure
of the ecological system being investigated. As Williams et al. (I 968) suggest.
qualitative data may be sufficient to reflect gross pattern in a large heterogeneous
system; however. it is likely that small-scale · pattern in a species-poor community
would best be recognized using quantitative data .
Since time is most often a limiting factor in the acquisition of information. the
choice of data type will also depend on the time available for undertaking the census.
Far more time is required to take a census quantitatively. Also. a census of more
samples can be taken in a given time if qualitative data is used . Consequently, the
ecologist usually adopts either one of two strategies:
( l) to collect a large number of samples and take a census of them qualitative)~;
(2) to take a more intensive census of a smaller number of samples. i.e. to take a
census in a quantitative rather than a qualitative manner.
Thus armed with the technique of classification, the ecologist is faced with a dilemma.
Js it preferable to perform a census of more samples qualitatively or fewer samples
quantitatively?
This paper examines the above dilemma by comparing both the costs (in time) and
the benefits (in terms of information gained) derived from the classification of different
data types using replicated sampling.

Materials and Methods
Marine fouling communities collected on settling panels immersed at three study sites situated in Port
Kembla harbour approximately 80 km south of Sydney. were used to provide data for the ensuing analyses.
The waters in this harbour are contaminated due to the inflow of lead. copper. iron. zinc. cadmium. and
cyanide from surrounding heavy industries. Surveys undertaken by the State Pollution Control Commission
(Anon . 1978) have shown the existence of a pollution gradient between the major pollution outlet Allans
Creek and the entrance to the harbour. The three study sites in Port Kembla harbour were located along this
gradient of decreasing contamination .
Fou.r I 5 by 15-cm sandblasted perspex panels were submerged at each study site for 3 months during the
winter period (July-September). At the end of 3 months submergence. the panels were collected and
preserved in I0~ ·0 formalin solution and a census of the fouling communities was undertaken .
Census Procedure
Two of the four panels from each site were randomly selected for taking the census. thereby producing
four replicate samples (panel sides) per site (station I. replicates 1-4; station 2. replicates 5-8: station 3.
replicates 9-12). Prior to performing the census. the sides of each panel were divided into nine equal
quad rats. Areas within 0 · 5 cm of the panel perimeter were not included in the quadrats in order to reduce
edge effects .

A census of the six panels was carried out using four different methods:
(I) The number of individuals of each species was recorded over all nine quad rats. A complete ( 100° 0 )
census of each sample (panel side) was thus taken .
(2) The number of individuals of each species was recorded over five randomly chosen quadrats per
side. This is equivalent to taking a census of 56% of the total surface area of each panel s.ide.
(3) The presence or absence of each species was recorded for each of the nine quadrats. These results
were collated to yield a frequency of occurrence (0-9) for each species over the entire panel side.
(4) The presence or absence of each species was recorded for each panel s.idc.
The above methods produced the four data types to be used in the analyses: numerical 100~ 0 : numerical
frequency; binary. During the census the time taken to complete each method was noted. In all. 15
species were recorded from the 12 samples (see tabulation below: taxonomic names arc given where
possible):
56°.~;
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Classification of Marine Fouling Communities

Species No.
Identification
I
Polychaete [Serpula l'ermicularis. (Linnaeus)]
2
Polychaete [Hydroides non•egica (Gunneru~)]
3
Polychaete (Spirorbis sp.)
4
Barnacle .[Ba/anus variegatus var. cirratus (Darwin)]
Bamacl_e [Ba/anus Ofrlphitrile var. amphitritc (Darwin)]
5
6
Bryozoan [Bugula a1•icularia (Lineaus)]
7
Bryozoan [Bugula neritina (Linneaus)]
8
Bryozoan [ Watersipora subo1·oidea (d'Orbigny)]
9
Ascidian [ Ciona intestinalis (Linneaus)]
IO
Ascidian [ Botryllus schlosseri (Pallas)]
II
Bryozoan (Arthropodaria sp.)
12
Bryozoan (Bowerbankia sp.)
I3
Colonial ascidian
14
Hydroid (Tubularia sp.)
15
Solitary ascidian
The abundance of each species recorded for the I 00% census is given in Table 1.
Table I. Abundance of each species for each replicate
Data were recorded in the numerical 100% census. A blank space
indicates that the species was absent
Replicate No.
2
I
2
3
4

5
6
7
8
9

JO
II
12

3 4

5

321 29 29 J5 34
67
325 22 33 21 126
343 31 J8 33 155
2J IO 6 21 41
64 9 5 49 110
40 27 60 21 55
113 47 48 13 46
25
7
19
3
24
9
24 2
6

252 36 19 21

Species No.
6 7 8 9 10 JI J2 J3 J4 J5
9
9
10
15
4
JI
11
27
J9
14
6
14

2
2

12
22
4 J5
25
8
2
13
17
13
3
13
4
J2
19
8
3

2
5
2
8 3
8
JO

5
7
I
I
2
4

4 3
9 6
J J2
3 5
1
2
2
2
18
18
18
18

I
3
4

Ana~1·sis

of Data
Data for the analyses were prepared in machine-readable form. Four s~parate classifications were carried
out using programs available from the Taxon package on the CSIRONET system. The classifications were
chosen to match the type of data to be analysed. Numerical I 00% and numerical 56~~ data were classified
using the agglomerative polythetic program MULCLAS. This classification is recommended for use when
the data are mainly numerical (Williams 1976). The Canberra metric. which is unaffected by lar~e outlying
values. was used as a similarity measure and was generated using the program CANMAR. Jn the analysis,
double zero matches were suppressed and the zero in zero-nonzero matches was replaced with a value ofO . 2.
Clifford and Stephenson (1975) recommend that the replacement value be one-fifth of the lowest entry in the
data matrix . Frequency data were c.lassified using the agglomerative polythetic program CENPERC. The
classification of binary data was carried out using the program MUL TBET. The classification techniques
used abo~e are described by Lance and Williams (1967a, 1967b. 1968) and Williams (1973).

Results
The dendrograms of the four classifications are presented in Figs 1-3. They show
three important rusults.
( 1) All four classifications describe completely the same primary split in the sample
data. In this split, samples 1-8 (stations 1 and 2) were grouped together and
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samples 9-12 were fused into a separate group. All replicates from each site
were classified into one of these two groups in all four classifications. Thus the
major discontinuity in the data occurred between samples from the most
polluted site (station 3) and the tw.o less polluted sites (stations I and 2).
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Figs 1-3. Dendrograms of MULCLAS classifications
(/)using numerical JOO~~ data (a). and numerical 56~ 0
data (b); of CENPERC classification using frequency
data (2): and of MULTBET classification using binary
data (3). The numbers refer to individual replicates .
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(2) A secondary division in the samples was revealed by classifications using either
numerical 100%. numerical 56% or frequency data (Figs I and 2) . Samples 1-8
were split into two groups comprising replicates 1-4 (station I) and replicates
5-8 (station 2). This second most important discontinuity in the data again
represented a division between samples in terms of study-site location . Irr this
case the division was between samples from station I and station 2.
(3) The classification of binary data also described a secondary division in the
samples; however, it did not emulate the secondary division produced by the
other three classifications (Fig. 3). Fig. 3 shows two of the four replicates (I and
2) from station 1 to be fused with replicates 5-8 from station 2. Only replicates 3
and 4 from station I were split into a separate group. This division suggested
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that the binary data did not distinguish site differences from replicate
differences .

Information Content of Frequency and Numerical Data
Since numerical and frequency d·a ta were found to produce similar results when
classified, the information content of these two data types were compared statistically.
The information content of numerical I00% data and of frequency data were
compared f~r each of th~ 12 samples classified, using product moment correlation
coefficients. Since numerical values contain a large component of random variance
which is logarithmically related to the mean, the numerical I 00% data were
transformed to logs prior to the analysis.
A significant correlation (at the 0 · 0 I level) was found between numerical and
frequency data for all 12 samples (see tabulation below):
Sample No.
Correlation
coefficient

2

3

0·86 0 ·90 0 ·91

4

5

6

7

8

9

JO

11

12

0·89 0·98 0 ·94 0·95 0 ·95 0 ·99 0 ·96 0 · 95 0 ·94

Discussion

Very similar information was obtained from classifications using numerical 100'.~~ 
numerical 56% or frequency data. All three classifications demonstrated differences
between the marine fouling communities ofeach study site, which were greater than the
differences between replicates at a site. Sessile communities from stations I and 2 were
found to be more similar in species composition to each other than to communities
from station 3. Differences between the sessile communities of each site are thought to
be due to the effects of pollution.
The classification of binary data suggested that marine fouling communities from
station 3 were different from the sessile communities at stations I and 2. A secondary
division produced by this classification did not reveal a difference between the marine
fouling communities at stations I and 2 greater than that between replicates. The
inability of the binary classification to describe a secondary division in the data may
have been due to the tendency for MULTBET classifications to generate non~
conformist groups; however, it is most likely that binary data did not have sufficient
information to detect such subtle changes in pattern in a community which was
comparatively species poor.
Qv,erall the results indicated that both numerical and frequency data produce
similar information when classified. These results may be explained by considering the
amount and type of information contained in numerical values.
Studies by Williams and Dale ( 1962). Orloci ( 1968) and Williams ( 1972) have shown
that it is possible to calculate the amount of information attributable to both the
quantitative and qualitative components of numerical data. However, as Green ( 1979)
states, the additional information contained in the quantitative component of such
data is technically equivalent to variation and may not represent information which is
ecologically meaningful. In addition, more 'noise' is often contained in the quantitative
component of numerical data since the qualitative component (in this case. presence
and absence) tends to be less affected by errors in sampling and in taking a census
(Green 1979).
The Canberra Metric measure used in the analysis of numerical data approximates a
logarithmic transformation. Such a transformation would result in the numerical data
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having an effective range of zero to three. In this study, frequency was measured out of
nine. Consequently the performance of the numerical data may be improved by coding
them into eight to nine states. However, such an exercise may not be -of great benefit
since it would require additional time and more importantly would involve introducing
further variation (by way of coding) in~o the data .
The results of the comparison between the information content of numerical and
frequency data suggest that no extra information is obtained from numerical data .
Significant correlations were found between numerical and frequency values for all 12
samples. Since frequency is a logarithmic function of number, these results may be
accounted for if the distribution of sessile animals is random. This is thought to be
unlikely since many studies have shown that sessile organisms tend to aggregate or form
groups, thus producing clumped distributions (Knight-Jones 1951; Williams 1976).
It was found that the time required to collect binary. frequency, numerical 56% and
numerical 100% data was approximately 2, 3, 6 and 8 h per sample respectively.
Consequently if binary or frequency data are collected far less time is required to take a
census of samples. These differences are due to the logistics of the methods themselves.
A large component of the time required to take a census numerically of an invertebrate
community is spent in counting species which occur abundantly. Since some species
may occur very frequently in a sample (e.g. the polychaete worm Hydroides norvegica),
then this can become a particularly time-consuming process.
An alternative to actually counting all animals in a sample is to use crude estimates
of density as outlined by Clifford and Stephenson ( 1975). For example, species could
be scored in terms of whether they are absent, present (rare), or present (abundant).
Such a method would appear at first to be ideally suited for performing a census of
invertebrate communities; unfortunately there are several inherent problems associated with using data of this type. Firstly, this method is time efficient only when the
identification of species is relatively easy to perform. If species identification is difficult.
as is generally the case with sessile invertebrate communities (particularly such animals
as serpulids, bryozoans, ascidians and hydroids), then such a method becomes far
more time consuming than collecting binary or frequency data. A second problem
encountered when using broadly graded (ordinal) data is in determining the criteria
used to formulate the various categories adopted in the census. Such decisions are
largely subjective and tend to create discontinuities in the data which in reality may not
exist at all. In doing so, further biases are introduced into the data. Finally, there is no
known method for handling this type of data numerically (Williams 1976). As a
consequence, it is generally recommended that ordinal data is best avoided in
numerical classification.
The colonial and solitary morphologies of various invertebrate species further
complicate census problems. If a sample is to be counted numerically the question
arises, is a colonial organism recorded as a single individual or in terms of the numbers
of individuals (zooids) it contains. Jfit is to be counted as a single individual this could
tend to underestimate the importance of the organism in the community, particularly if
the colony covers a wide area of the sample. On the other hand. if the numbers of
individuals in the colony are recorded, not only will this require a large amount of time
but it may tend to overestimate the importance of the organisms in relation to other
more numerous solitary species. This would be particularly true if the colony was small
and occurred only once in the sample.
A way of overcoming this problem is to measure the surface area covered by each
species, however, this becomes virtually impossible if the sessile communities contain
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many species and consist of several layers of organisms growing one on top of the
other. Frequency data provide a useful solution to this problem. If a colonial organism
occurs over a large area of the sample, its presence will be recorded on many occasions
in each sample. If it does not occur abundantly, it will be recorded very infrequently.
Thus, an index of the presence of co!Onial species may be obtained if frequency data are
employed . This provides a more ·uniform method for assessing the importance of
solitary and colonial species in sessile communities. Therefore it is proposed that if only
sample-groups are required then frequency data provide a useful index of the
importance of a species iri a community. Clearly, frequency data would be unsuitable
for use in analyses where parameters such as biomass, percentage cover or inter- or
intraspecific interactions are of interest to the investigator.
In conclusion, it is suggested that frequency data be employed in the classification of
sessile invertebrate communities in preference to numerical data because:
( 1) Jess time is required to take a census of samples if frequency data are collected;
(2) frequency data contain no less intrinsic information than do numerical data :
(3) frequency data are most able to cope with the practical problems associated
with taking a census of invertebrate communities.
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APPENDIX

3. 5

Seawater yeast peptone agar formula.

Formula:
Yeast extract powder

1.0 g.

Pep tone

10.0 g.

Agar

15.0 g.

Aged seawater

1,000 mls.

APPENDIX 4.1

Development of fouling comnru.nities at each study site.

1.

Development of fouling communities on panels
first submerged in summer at Wollongong Harbour.

Period of development
A

2 weeks

B

5 weeks

c

2 months

D

3 months

E

6 months

F

9 months

G

12 months

A

B

320

321

2.

Development of fouling communities on panels
first submerged in winter at Wollongong Harbour
(W. 2).

Period of Development
A

2 weeks

B

5 weeks

c

2 months

D

3 months

E

6 months

F

9 months

G

12 months

D

322

E

F

.G

c:,

323

3.

Development of fouling connnunities on panels
first submerged in summer at the Oil berth.

Period of development

A

2 weeks

B

5 weeks

c

2 months

D

3 months

E

6 months

F

9 months

G

12 months

B

E

G

325

4.

Development of fouling communities on panels
first submerged in winter at the Oil berth.

Period of development

A

2 weeks

B

5 weeks

c

2 months

D

3 months

E

6 months

F

9 months

G

12 months

H

15 months

G

5.

Development of fouling conununities on panels
first submerged in sununer at the Tug berth.

Period of development
A

2 weeks

B

5 weeks

c

2 months

D

3 months

E

6 months

F

9 months

G

12 months

A

B

c

E

F

G

329

6.

Development of fouling connnunities on panels
first submerged in winter at the Tug berth.

Period of development
A

2 weeks

B

5 weeks

c

2 months

D

3 months

E

6 months

F

9 months

G

12 months

H

15 months

7.

Development of fouling coIIIDlunities on panels
first submerged in summer at the Ro-Ro berth.

Period of development
A

2 weeks

B

5 weeks

c

2 months

D

3 months

E

6 months

F

9 months

G

12 months

c

332

F

G

333

8.

Development of fouling conununities on panels
first submerged in winter at the Ro-Ro berth.

Period of development
A

2 weeks

B

5 weeks

c

2 months

D

3 months

E

6 months

F

9 months

G

12 months

H

15 months

D

E

F

G

H

'
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APPENDIX 4.2

Hydrological parameters measured at each site, at 3 metres
depth in summer and winter.

WH:

Wollongong Harbour.

OB:

Oil berth.

TB:

Tug berth.

RR:

Ro-Ro berth.

Summer:

November - April.

Winter:

May - October .

\.0
C"1
C"1

APPENDIX 4.2

MEAN + S.E.
Salinity (%0)

o2

Site

Season

Temperature (°C)

WH
WH

Winter
Summer

16.7 ± 0.28
20.9 + 0.41

35.4 + 0.04
35.5 ± 0.03

7.5
6.9

± 0.15
.± 0.11

8.2 + 0.03
8. 2 + 0.03

OB
OB

Winter
Summer

16 .4 + 0. 28
21.3 + 0.44

35.4 + 0.04
35.5 .± 0.03

7 .1 + 0.13
6.6 .± 0.08

8 .1 + 0.03
8.1 + 0.02

TB
TB

Winter
Summer

17.3 .± 0.26
21.3 + 0.48

35.3 + 0.04
35.3 + 0.04

6.9
6.4

.± 0.15
± 0.11

8.2 + 0.03
8.1 + 0.03

RR
RR

Winter
Summer

17.2
21.6

.± 0.30
.± 0.36

35.4 + 0.04
35.3 + 0.04

6.7
6.2

.±

8.1 + 0.03
8.2 + 0. 02

Dissolved

0.17

± 0.09

(ppm)

pH
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Mean turbidity at each site measure4 using a Secchi disk.

MEAN TURBIDITY (k)
Dredging period

Site
Wollongong Harbour

Normal
0.4

Oil berth

1.1

0.5

Tug berth

1. 5

0.7

Ro-Ro berth

1.8

1.4

k
d=

(Extinction coefficient)

= 1.7/d

depth (m) at which the Secchi disk
disappeared.
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APPENDIX 7 .1

Hydrological parameters measured during iarval toxicity experiments.

Experiment
No.
1

2

3

4

5

Dissolved 02
(ppm)

Temperature

Salinity

Water Type

(oC)

(%0)

£!!

Control

22.6

34.3

7.9

6.8

Port Kembla

22.5

34.7

7.9

7.0

Control

22.6

34.3

7.8

6.8

Port Kembla

21. 9

34.5

7.8

7.0

Control

23.1

35.l

7.7

6.7

Port Kembla

23.4

34.5

7.7

6.9

Control

21.1

34.9

7.8

6.7

Port Kembla

21.5

34.0

7.8

6.6

Control

19.6

34.8

7.5

6.2

Port Kembla

21.2

34.8

7.6

6.2
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APPENDIX 7. 2

Mean concentrations of heavy metals in seawater samples taken from the
4 study sites at 3 metres depth. The 95% confidence limits for each
mean were calculated using the t - distribution.
Concentration ().lg/l)
Mean ..± 95% Confidence Limits
Site

Fe

Pb

Cu

Zn

Cd

5.7_±1.5

3.0 + 1.6

10.3

Wollongong
Harbour

14.6 + 3 .3

12.8 + 4.9

Oil berth

11.2 + 3.1

25.4

.±

12.0

6.3

± 1.9

4.5

± 2.0

9.6

± 2.8

Tug berth

17.9

.± 5.8

55.4

± 66.3

5.8

± 2.0

5.0

± 1.6

8.6

± 4.6

Ro-Ro berth

16.2

.±

39.5

.±

6.9 + 1.0

6.1

± 4.3

3.4

50.9

.±

4.7

10.6 + 4.6

